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Abstract

STATUS SIGNALING AND THE CHARACTERIZATION OF A CHIRP-LIKE
SIGNAL IN THE WEAKLY ELECTRIC FISH STEATOGENYS ELEGANS

by
Caitlin E. Field

Adviser: Christopher B. Braun
Sensory systems are critical to both exploratory and communicatory processes, the study of
which is critical to our understanding of how animals perceive and respond to their
environments. In weakly electric fishes the electrosensory system is utilized for both of these
purposes. One type of communication, status signaling, is widespread across taxa and frequently
hormonally modulated. This hormonal modulation keeps the signal honest, wherein the status of
the sender and the production of the status signal itself are both hormone dependent. We
investigated exploratory and communicatory strategies of the electromotor system in pulse-type
gymnotiforms, with a focus on status communication in Steatogenys elegans and its hormonal
modulation. S. elegans sometimes responds with brief increases in electric organ discharge rate
coupled with decreases in amplitude when presented with interfering playback stimuli. This
response is similar to the chirp electric organ discharge (EOD) modulation in other weakly
electric fish species. Our initial work catalogued exploratory electromotor behavior in S. elegans
along with three other pulse-type gymnotiforms (Hypopygus cf. lepturus, Microsternarchus
bilineatus, & Brachyhypopomus sp.), with the aim of determining the electromotor repertoires of
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these species under solitary conditions without experimental stimulation. We then characterized
the chirp in S. elegans to determine its structure and the context in which it is produced. Finally,
we implanted S. elegans subjects with dihydrotestosterone (DHT) and monitored changes in
chirp propensity and characteristics, in an effort to determine if the chirp is hormonally
modulated. In our exploratory behavior investigations, all species exhibited faster EOD rates
with a smaller range of frequencies during night (active) periods than day (quiescent) periods.
Pacemaker stability did not appear to vary throughout the day, but all species except
Brachyhypopomus sp. showed more rate variability at night than during the day. All species
displayed stereotyped short-term EOD behaviors such as frequency rises, yet the chirp differs
from these other behaviors in its rapid and large frequency increase with an equally rapid return
to baseline rate, its decrease in EOD amplitude, and its short duration of just a few pulses as
compared to other short-term EOD behaviors which last 10s to 100s of pulses with more gradual
changes in frequency. We found that the chirp is most readily produced in response to interfering
playback stimuli, and that DHT implanted subjects produced more chirps and produced them in
response to a broader range of playback stimuli. Additionally, their chirps were modulated in
such a way that their frequency, duration, and amplitude characteristics were exaggerated. The
chirp in S. elegans appears to be similar to the chirp in other weakly electric fish species, may
serve as a hormonally dependent honest communicatory signal, and is a promising model system
for investigations into status communications and their hormonal control.
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General Introduction and Synopsis

Communication can be defined as the process of information being sent by one individual
and received by another. Animals communicate a wide range of information across multiple
modalities. Vocal communication is perhaps the most commonly thought of modality, with
prominent examples such as human speech, the alarm calling of vervet monkeys (Seyfarth,
Cheney, & Marler, 1980), the whistle communication of dolphins (Norris, Prescott, Asa-Dorian,
& Perkins, 1961), the acoustic communication of anurans (Wells, 1977; Ryan, 1988), and the
rich field of bird song (reviewed in Naguib & Riebel, 2014). Of course, animals communicate
using other modalities as well: the plumage of peacocks communicates the fitness of males
visually (Sharma, 1974), wolves spray scent-marks on their territory (Kleiman, 1966),
pheromones activate the vomeronasal and olfactory organs in mammals (Keverne, 1999) and
gustatory receptors in Drosophila (Stocker, 1994), and weakly electric fishes communicate using
electric signals. Communication signals are used in behaviors such as reproduction and
aggression, and to signal information such as identity, physical condition, and status. Therefore,
a study of how these signals are produced and controlled applies to a large range of behavioral
questions (McGregor, 2005).
In some species, status -- defined in this dissertation as the ability to hold resources and
win aggressive encounters -- is determined and communicated by the size of the individual.
Status communication can be direct, such as conspecifics simply visually assessing the size of
one another, or it can be indirect, such as when vocal tract length in some species is determined
by body size, which in turn determines the calling frequency of a call (generally with lower
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frequency calling individuals also being more dominant), requiring receivers to infer size (and
status) from acoustic pitch (Fitch, 1997).
Larger individuals are generally also stronger, and therefore likely to win an aggressive
encounter against a smaller individual; being able to determine the size and status of a potential
competitor is advantageous, thus minimizing the cost of going into an encounter that will likely
be lost. As such, many species, like those mentioned above, have evolved ways of
communicating dominance and resource-holding potential (RHP; the overall ability to win a
contest) so as to avoid aggressive encounters with individuals of higher RHP (Parker, 1974).
Size is not the only determinant of an individual’s resource holding potential. For
example, in signal crayfish (Pacifastacus leniusculus) larger individuals are more likely to win
an encounter for the possession of a shelter, but prior ownership is also advantageous (Ranta &
Lindström, 1993); larger sick animals could have a lower RHP than smaller animals who are in
good health. Therefore, dominance and RHP are often communicated in ways other than by
visually observing the physical size of one another.
Dominant dark-eyed juncos (Junco hyemails) have darkened hood plumage and white tail
feathers that signal their dominance status (Holberton, Able, & Wingfield, 1989). African cichlid
fish Astatotilapia burtoni may chemically signal dominance with their urine output (Maruska &
Fernald, 2011), and some research even suggests that a dominant facial expression may be a
reliable indicator of military rank (a potential measure of status) achieved in human males
(Muller & Mazur, 1997). Clearly, status signaling is widespread across taxa, and as discussed by
Parker (1974) this ability to communicate status is advantageous to both the sender and the
receiver as it allows for limiting costly encounters.
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For these status signals to be reliable, they must be honest. That is, an individual with a
low RHP should not be able to fake a high status signal. One mechanism by which a signal can
be honest is for it to be hormonally modulated, where the ability to produce the signal is
controlled by and dependent on hormone levels that are also associated with fighting ability,
status, or RHP. For example, in house sparrows (Passer domesticus), the size of a male’s bib
(colored patch) is used as status signal and is modulated by testosterone, which is also associated
with access to resources (Evans, Goldsmith, & Norris, 2000). This hormonal dependence ensures
that the bib acts as an honest signal. We investigated one such potentially honest signal, the
chirp, in a weakly electric fish species.

Weakly Electric Fishes
Weakly electric fishes (WEF) are a group of teleost fishes that are both capable of
perceiving electric signals (electroreceptive) and producing electric signals (electrogenic). They
use these abilities to explore their environment and to communicate with one another. There are
two main groups of WEF: one group is indigenous to African (Mormyriformes), and the other to
South American (Gymnotiformes) freshwater systems. This dissertation will focus on
gymnotiforms, except where otherwise noted. WEF can further be divided into wave-type and
pulse-type species. Wave-type species emit a continuous electric signal, whereas pulse-type
species emit brief electrical pulses separated by longer periods with no electrical output. This
period between pulses is referred to as the inter-pulse interval (IPI).
The electric organ, a structure composed of electrocytes located in the tail-region,
produces electric signals. In most electric fishes, this structure is composed of modified muscle
tissue consisting of tubes of serially stacked electrocytes (Bennett, 1971; Bass, 1986). The firing
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of the electrocytes is triggered by the pacemaker nucleus (PN) in the brain. The PN contains
pacemaker cells that possess an intrinsic rhythm, and receives inputs from prepacemaker nuclei
that are integrated to produce modulations in a steady firing rate, which is conveyed to spinal
electromotor neurons via relay cells (Heiligenberg, Finger, Matsubara, & Carr, 1981; Bennett,
Pappas, Gimenez, & Nakajima, 1967; Bennett, 1971; Zakon, 1987). These electromotor neurons
control the electrocytes of the electric organ, producing the electric organ discharge (EOD)
(Bennett, 1971; Zakon, 1987). The EOD produces an electric field surrounding the fish, which
along with the electric fields of nearby fishes, activates electroreceptors distributed over the
fish’s body surface (see Moller, 1995). Nearby objects with resistance different from water alter
the projection of the self-generated field onto electroreceptors, providing the basis for
electrolocation. The EODs of conspecifics also activate the electroreceptors, providing the basis
for using the EOD in communication.
We started this work with the aim of characterizing the electromotor behaviors of these
fishes under solitary conditions without intervention. We were interested in these behaviors as a
measure of the range of sensory strategies used by these species to explore their environments,
with a focus on short- and long-term EOD behaviors, and EOD rate variability. As outlined in
chapter 1, our investigations revealed differences at both the species and individual levels.
We then conducted playback experiments, detailed in chapter 2, to begin understanding
not just the electromotor repertoires associated with exploration but also those associated with
conspecific communications. During these experiments, we identified a novel behavior in
Steatogenys elegans that resembles the chirp behavior described in other weakly electric fishes,
but not documented in S. elegans. We determined the characteristics of this chirp behavior and
the social stimuli that most readily elicit it. As a final investigation, we sought to determine
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whether the chirp in S. elegans could be serving as an honest status signal; we administered
androgens and tracked changes in the characteristics of the chirp and individuals’ propensities to
chirp, and we found that the chirp in S. elegans is indeed hormonally modulated.
These investigations further our knowledge of species differences in electromotor
behavior, and further answer questions regarding how these behaviors are triggered and
modulated. We found large variations not only in EOD frequency, which is well documented,
but also in IPI variability over different durations. This finding suggests that IPI variability may
be important for electromotor behavior, and thus useful as a possible species indicator.
Additionally, the electromotor repertoires under solitary conditions without interference varied
between these species.
When examining the fish’s responses to playback stimuli, we isolated a behavior in S.
elegans, the chirp, that we have not seen in previous playback experiments with the other species
studied here. The existence of this behavior in S. elegans under these playback conditions may
serve as a taxonomic indicator, as new weakly electric fish species are regularly described. The
prevalence of this chirp behavior in S. elegans and its similarity to chirps in other WEF species
supports the existence of a conserved neural mechanism in its production and modulation.
Our findings promote the use of the chirp in WEF as a model system for the hormonal
influence of status signals, and add S. elegans to the potential species for these investigations.
This model system for status signals may be used to answer questions about the triggering and
modulation of such signals in other non-WEF species as well and could serve as a useful tool for
furthering our knowledge of these communications.
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This dissertation explores aspects of the electrical behavior of pulse-type gymnotiforms
from the family Hypopomidae, and in particular a potential status-linked behavior in the species
S. elegans:
-

Chapter 1 examines exploratory electromotor behaviors in 4 species of pulse-type
gymnotiforms under baseline solitary conditions in the absence of any presented
stimuli.

-

Chapter 2 investigates the social stimuli that elicit a chirp-like EOD behavior in S.
elegans, resembling chirps in other weakly electric fishes, which are associated with
aggression, status, and courtship.

-

Chapter 3 details an experiment we conducted to ascertain whether this chirp-like EOD
behavior in S. elegans is modulated by androgens as the chirp is in other gymnotiforms,
and may be used as an honest signal.
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Chapter 1:
Active sensory behavior in pulse-type gymnotiforms

Active Sensing and Exploration in Weakly Electric Fishes
To perform the basic functions required for survival, animals must explore and extract
information from their environments. The search for food and mates, for example, requires an
animal to be aware of its surroundings and the resources available. Exploratory behavior is well
documented across taxa, such as humans (Hutt, 1966), rats (Poucet, Durup, & Thinus-Blanc,
1988), octopuses (Kuba, Byrne, Meisel, & Mather, 2006), and cockroaches (Ebeling & Reierson,
1970). Exploration requires the use of sensorimotor functions. Sensory systems differ not only in
the modality to which they are specialized, but also in their means of acquiring the sensory input
needed to extract information.
In passive sensory systems, the surrounding environment produces the signal received by
the system, whereas in an active system the receiver relies on a self-generated signal that is
modified by the surrounding environment before returning to the sensory array. The modification
of the carrier signal can provide fine detail of the surrounding environment. As part of their
electrosensory system, weakly electric fishes (WEF) are capable of producing and perceiving
electric signals. The passive sensors (ampullary organs) of their electrosensory system can detect
D.C. and/or low frequency electric fields produced by objects and individuals other than
themselves, such as the respiratory currents or myogenic electric fields of hidden prey items
(Kalmijn, 1971; Nelson and MacIver, 1999). In addition to this passive sense, WEF produce a
carrier electric field surrounding their bodies, and high frequency tuned electroreceptors
(tuberous organs in gymnotiforms; mormyromasts in mormyrids) are capable of detecting
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distortions in their self-generated field created by nearby objects (von der Emde & Schwarz,
2002). The analysis of changes in the projection of that field onto electroreceptors distributed
across the body surface constitutes an active sensory system (Heiligenberg, 1989; Bennett, 1971)
capable of three-dimensional objection detection and analysis.
WEF are not the only animals that use active sensory systems. Perhaps the most widely
known active system is the use of echolocation in bats, first described by Donald Griffin (Griffin
and Galambos, 1941) and detailed in his 1958 book Listening in the Dark: Acoustic Orientation
of Bats and Men (Griffin, 1958), and the use of sonar in dolphins first definitively shown by
Norris, Prescott, Asa-Dorian, & Perkins (1961) after they covered the eyes of Tursiops truncatus
and found that they were still able to locate objects in their pool. Other examples include the use
of echolocation in oilbirds (Konishi & Knudsen, 1979) and hydrodynamic imaging in blind cave
fish (von Campenhausen, Riess, & Weissert, 1981; Hassan, 1989). The passive sensory systems,
such as vision and somatosensation also have active components, where the body’s motor
responses alter the sensory information received and affect perception (Sherrington, 1906). For
example, in haptic touch, active movements of the somatosensory receptors over the surface of
an object alter the information encoded by those receptors and affect both perception and further
motor movements. As stated by Bacjsy (1988), “perceptual activity is exploratory, probing,
searching; percepts do not simply fall onto sensors as rain falls onto ground. We do not just see,
we look.”
The behaviors that allow an animal to “look” frequently involve orienting the sensory
apparatus to best receive information, such as in the haptic touch example above. Other examples
include tilting one’s head toward an auditory stimulus, or directing the eyes to orient and scan
the visual field. In active sensory systems, however, these exploratory behaviors can also take
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the form of an increase in the emissions used for active sensation. For example, the pulse
repetition rate in bats can be conceived of as a measure of attention. Griffin, Webster, & Michael
(1960) detail some of the initial investigations distinguishing phases of insect capture in the
family Vespertilionidae. In the search phase, the bats’ discharge rate (the rate at which it emits
the calls used for echolocation) is relatively low. The emission rate then increases in the
approach phase as the bat locates its prey, and dramatically increases in the terminal phase as the
bat makes its final approach and capture (Griffin et al., 1960). The increased emission rate of
pulses used for echolocation serves to increase the temporal resolution of the image that the bat
receives, with the highest pulse repetition rate occurring when a high level of accuracy is
necessary, during final approach and capture.
Similarly, when WEF increase the rate of their electrical output they are increasing the
sampling rate of their active electrosensory experience (Heiligenberg, 1980; Caputi, Aguilera, &
Castelló, 2003). This increase in sampling rate results in an increase in temporal resolution and
acuity. In other words, a fish’s rate of electrical output can be used as a measure of how closely
the fish is attending to its surroundings, and therefore as a measure of attention.
Modulations of the EOD frequency in WEF form a repertoire of behaviors used in both
communication and exploration. WEF sometimes rapidly increase or decrease their EOD
frequency, particularly during periods of heightened sensory and/or motor activity such as during
social interactions (Black-Cleworth, 1970; Valone, 1970; Westby, 1981), or in response to
sensory stimulation (Correa & Hoffman, 1998; Kramer, Kirschbaum, & Markl, 1981; Lissmann,
1958). Many of these short-term electrical behaviors are stereotyped and seen either within a
particular sex, species, or genus, or across many such categories, with each species displaying a
typical behavioral repertoire. One such behavior seen across genera is a short-term frequency
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increase (on the order of 10s to 100s of EOD intervals) which may serve to increase the sampling
rate and allow the fish to gather more information about its surroundings while actively
exploring, similar to the increase in emission rate seen in bats preceding prey capture (Caputi et
al., 2003; Grau & Bastian, 1986; Hagedorn, 1995; Heiligenberg, 1980; Lissmann, 1958; Griffin
et al., 1960; Simmons & Kick, 1984). Heiligenberg (1980) first suggested that WEF detect novel
electrosensory information by comparing the electrosensory image they receive from each EOD
to a remembered template, and found that fish were more likely to detect novelties at higher
EOD rates. He suggested that several electrosensory images (and therefore EODs) are needed to
make such a discrimination. These short-term frequency increases are thus a direct read-out of
the sampling rate of the electrosensory system. Bursts of high frequency activity serve to quickly
detect features of a changing environment and represent moments of active sensory exploration.
We sought to examine how temporal modulations in discharge rate differ among selected
gymnotiform species. We know that pulse-type species show a wide range of variability in both
their resting rates over daily periods and their pattern of short-term EOD modulations (occurring
on a time frame of 10’s of ms to 10’s of seconds) (Albert & Crampton, 2005). In this study, we
examined these variables across four species in order to determine the electromotor behavioral
repertoire associated with exploration. We studied species in four different genera from the
family Hypopomidae: Hypopygus, Steatogenys, Brachyhypopomus, and Microsternarchus
(Albert & Crampton, 2005). Species in these genera are pulse-discharging. The genus
Steatogenys is comprised of at least 3 different species (S. duidae, S. elegans, & S. ocellatus) and
is found in lowland freshwaters of Amazonia (Crampton, Thorsen, & Albert, 2004); S. elegans
were used in this study. Hypopygus is the closest relative of Steatogenys, exists sympatrically,
and is more prevalent (Nijssen & Isbrücker, 1972) in most locations. The genus Hypopygus
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consists of at least eight species distributed across South America (de Santana & Crampton,
2011), and the species H. cf. lepturus was used here. The genus Microsternarchus currently has
two named species (bilineatus and brevis) (Fernandez, Nogueira, Williston & Alves-Gomes,
2015) and is found from northern Venezuela into the Amazon basin; we used M. cf. bilineatus.
Brachyhypopomus consists of at least eleven species, many of which are sympatric with the other
genera described here (Giora & Malabarba, 2009; Sullivan, Zuanon, & Fernandes 2013). For this
study Brachyhypopomus sp. were used. Example subject photos and EODs for each species are
illustrated in Figure 1.1.
The baseline rates and degree of regularity for these species are quite varied.
Brachypopomus pinnicaudatus for example discharges at about 16 – 20 Hz during the day (Silva,
Perrone, & Macadar, 2007), M. cf. bilineatus has an average daytime rate of about 50-80 Hz
(Cox Fernandes, Nogueira, Williston, & Alves-Gomes, 2015) and S. elegans has an average
daytime rate of about 40-60 Hz (Dewsbury, 1965). We have observed short-term frequency rises
in many pulse-type gymnotiforms, but have also observed spontaneous short-term frequency
decreases in S. elegans and H. cf. lepturus.
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Steatogenys elegans

1ms
Hypopygus cf. lepturus

1ms
Microsternarchus cf. bilineatus

2ms
Brachyhypopomus sp.

2ms

Figure 1.1. Representative images and EOD waveform for four species. Note different timescales
for waveforms. Images are also on different scales. Refer to Tables 1.1 and 1.2 for subject length
measurements.

We investigated how electromotor activity differs between daytime (quiescent) and
nighttime (active) periods. Previous research has shown a reliable increase in electric organ
discharge (EOD) frequency and amplitude at night in comparison to during the day (Dewsbury,
1965; Hagedorn, 1995; Black-Cleworth, 1970; Lissmann & Schwassmann, 1965; Hopkins,
1974). Fish discharge at a higher frequency at night while they are actively exploring their
environment and benefit from the increase of sensory information, whereas during the day when
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they are at rest, they decrease their EOD frequency and amplitude to conserve energy (Salazar &
Stoddard, 2008) or decrease their risk of predation (Stoddard, 2002; Hagedorn, 1995).
We evaluated daily differences in EOD rate and stability between and within species by
examining the overall range and variations in rate and stability between day and night. To assess
pacemaker stability, we also examined rate variability between periods with and without shortterm EOD modulations. Finally, we evaluated differences in the form and prevalence of shortterm EOD behaviors and rate stability on a short-term time scale of 100s of intervals. Together,
these metrics allowed us to characterize the exploratory electromotor repertoire of these species
under solitary conditions.

Materials and Methods
Subjects
In the first phase of this study, five subjects (n = 5) were used from each of four species
(S. elegans, H. cf. lepturus, M. cf. bilineatus, and Brachyhypopomus sp.), for a total of 20
subjects (N = 20) (Table 1.1). In the second phase of this study, an additional two subjects (n =
2) were used from each genus, for a total of an additional 8 subjects (N = 8) (Table 1.2). Overall,
a total of 28 subjects were used (N = 28). Subjects were obtained from multiple locations. S.
elegans, H. cf. lepturus, and Brachyhypopomus sp. were obtained from commercial fish
wholesalers. M. cf. bilineatus were collected from the Rio Negro using electric fish detectors and
hand nets along the shoreline of shallow streams near Manaus, Brazil (Amazonas State), and
were transported to New York. Subjects were housed in communal 37.85L tanks, except for
Brachyhypomus sp. which were housed in communal 113.56L tanks (1 to 8 animals per tank).
Subjects were fed small live oligochaete “blackworms” ad libitum (Lumbriculus sp.). The tanks
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were maintained at a low conductivity (100 - 130 μS/cm) at a temperature of 25°C±0.5°C and on
a 12hour:12hour light:dark photoperiod with lights on at 0730 in their home tanks and in all
conditions described below. Data were collected between October 2008 and April 2013, after
animals had been in captivity for at least one month. None of the animals appeared to be in
breeding conditions at the time of data collection. All procedures and housing conditions were
approved by the institutional animal care and use committee of Hunter College.

Subject ID
Length Origin
R33
*
SEG006
21cm
*
C31
*
R32S
*
R32L
*
Hypopygus
JRHypo_002
7.5cm Iquitos, Peru*
cf. lepturus
JRHypo_003
6.2cm Iquitos, Peru*
JRHypo_004
7.5cm Iquitos, Peru*
JRHypo_005
7cm
Iquitos, Peru*
JRHypoII_002
5.7cm Iquitos, Peru*
Microsternarchus ADA101
13cm
Amazonas, Brazil
cf. bilineatus
LAU102
14cm
Amazonas, Brazil
ENA4_007
10cm
Novo Airao, Brazil
ENA4_009
13cm
Novo Airao, Brazil
ENA4_010
9cm
Novo Airao, Brazil
Brachyhypopomus JRBrachy_005
13cm
Iquitos, Peru*
sp.
JRBrachy_006
13cm
Iquitos, Peru*
JRBrachy_022
12.5cm Iquitos, Peru*
JRBrachy_021
12cm
Iquitos, Peru*
JRBrachy_017
14cm
Iquitos, Peru*
Table 1.1. Individuals used in first phase of study. *S. elegans were obtained from a commercial
Steatogenys
elegans

fish distributor with unknown origins. H. cf. lepturus and Brachyhypopomus sp. were obtained
from a commercial fish distributor via Iquitos, Peru, and originated approximately from this
location.
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Species
Subject ID
Length Origin
Steatogenys
JRSteatII_001
18cm
Iquitos, Peru*
elegans
JRSteatII_002
17cm
Iquitos, Peru*
Hypopygus
JRHypo_015
8cm
Iquitos, Peru*
cf. lepturus
JRHypo_021
6.3cm
Iquitos, Peru*
Microsternarchus IACU_001
13.5cm Novo Airao, Brazil
cf. bilineatus
IACU_003
12cm
Novo Airao, Brazil
Brachyhypopomus JRBrachy_001
Iquitos, Peru*
sp.
JRBrachy_002
Iquitos, Peru*
Table 1.2. Individuals used in second phase of study. * These fish were obtained from a
commercial fish distributor via Iquitos, Peru, and originated approximately from this location.

Procedure & Apparatus
The data presented in this paper were collected from individuals that were removed from
their communal tanks and placed singly into a recording tank. All animals (N = 28) were
recorded for at least 72 hours (some as long as 96 hours). Data were collected using two different
recording apparatuses. In the first phase of the study (n = 20), the recording aquarium was
modified from Franchina and Stoddard’s (1998) design in which the tank was partitioned into 3
sections, with the outer two connected by a central tube running through the middle section. This
tube was the only access that animals had to the middle section. The central tube allowed
animals to travel between the outer two sections, and also served as the only shelter in the
aquarium. All of the species studied here are nocturnally active, and exhibited quiescent behavior
during the day during which they seek out shelter in the central tube. A pair of carbon recording
electrodes was fixed at opposite ends of the tank in-line with the tube. This configuration ensured
that during the vast majority of the daytime hours, the animals were positioned in line with the
electrodes for optimal recording, since their opportunities to be perpendicular to the recording
electrodes were minimized. The tank was situated on a vibration-isolated surface (Nano-k, Minus
k Technology, Inglewood, CA) inside of a light-controlled single-walled noise attenuating
chamber (Industrial Acoustics Corporation,, New York, NY). No manipulations were made to
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the animals or tank during the data collection period, during which time they were able to freely
explore their environment.
The voltage across the electrodes was amplified 500 – 5,000x and band-pass filtered
between 0.1Hz-10,000Hz (AM Systems model 3000). The signal was then passed to a portable
data acquisition device (Tucker-Davis Technologies RP 2.1) controlled by a computer running
custom Matlab® routines. The input voltage was digitized at 50kHz and fed through a custom
collection circuit created in TDT’s RPVDS software, which recorded the rectified derivative of
the signal and normalized it to 1 volt. This stable 1 volt signal allowed for a voltage-trigger to be
set to record EOD occurrences regardless of the subject’s position in the tank. The time between
collected events was saved to disk as a continuous measure of inter-pulse-intervals (IPI).
To reduce recording noise, in the second phase of the study (n = 8), we collected IPI data
using a multi-electrode array and an electronic pulse detector described by Jun, Longtin, & Maler
(2012). The pulse detector summed the input from four pairs of electrodes and used an online
pulse discrimination routine that outputs a 1 volt square-wave pulse for every EOD. These
square wave pulses were passed to the same portable acquisition device (Tucker-Davis
Technologies RP 2.1) as above. The signal was digitized at 50kHz and fed through a custom
collection circuit created in RPVDS, which saved the inter-pulse-interval of all EODs.

Analyses
For statistical analyses, the 72 hours of data collection were subdivided into six periods
representing successive nights (lights out) and successive days (lights on).
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We examined electromotor output in the following ways:
1. Overall range of frequencies and daily variations: Frequency distributions were
characterized in terms of mean and standard deviation. We used dependent t-tests to test
for significant differences in mean frequency and standard deviation between the day and
night distributions.
2. Range and stability of ongoing rate: The IPI gives us a measure of the instantaneous rate
for a given discharge, and as such can be used to look at both the range of instantaneous
rates as well as magnitude of changes that occur due to electromotor behaviors. We
examined the nature of pulse-to-pulse variability by measuring the mean coefficient of
variation (CV = standard deviation/mean) over the entire observation period. We
followed Moortgat et al. (1998) in reporting CV over a window of 200 IPIs with a 50%
overlap. We calculated a mean CV (e.g. the mean of all 200-interval windows) for each
animal’s day and night IPI distributions, and dependent t-tests were used to investigate
any circadian differences for each species.
3. Pacemaker stability: To obtain a measure of the IPI variability representative of inherent
pacemaker stability, we calculated mean CV values for shorter periods of time in which
the IPI of the subjects were stable: periods where there were no obvious active EOD
modulations and the recording noise was low, typically corresponding to periods without
subject movement. We estimated the mean CV of the first stable 2,000 IPIs for each
subject at 4 time periods: morning (post lights on at 0730), afternoon (post 1330), early
night (post lights off at 1930), and early morning (post 0130). For all animals a clean
portion of IPIs was available within the first hour of these time periods, and all values
were calculated starting at the first lights on in the recording period. A repeated-measures
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ANOVA was conducted using the mean CV values for each species to investigate any
differences across the time periods.
4. Stability of instantaneous rate without recording noise and potential variation caused by
changes in subject location: To examine rate stability without the increased variability
due to recording noise and changing recording geometries, we compared the multielectrode recording technique to our original two-electrode recording technique. We
calculated a mean CV for daytime and nighttime intervals as outlined in analysis #2
above, and ran independent-samples t-tests to compare the values between the two
techniques.
5. Variability associated with short-term EOD modulations: In addition to looking at mean
CV as a measure of variability, we also analyzed pulse-to-pulse changes by examining
the distribution of relative changes from one IPI to the next for all IPIs in the 72-hour
recording period. This analysis allowed us to examine the variability in IPI on a smaller
time-scale, such as would be associated with short-term EOD behaviors, than that used in
our mean CV calculations.
6. Prevalence of short-term EOD behaviors: To quantify the prevalence and types of shortterm EOD behaviors, we counted the number of short-term modulations observed in the
first 10 minutes of each recording hour in a 24-hour period beginning with the first lights
on. A short-term EOD behavior was counted if the IPI changed by at least 1.5% from the
baseline IPI (which was distinguishable from recording noise) and if this change occurred
within 1 second.
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Results
The output of the electromotor circuit can be described in terms of an ongoing rate (Hz)
or as an instantaneous measure of the period between of successive EODs (IPIs). In the
following presentation, we will convert IPIs into frequency measures when describing ongoing
trends and overall patterns in electromotor behavior. When describing momentary events and
transitions between frequencies, the behavioral dynamics are better expressed as a sequence of
individual inter-pulse intervals. The reader is reminded that a momentary increase of IPI
represents a frequency decrease, but frequency increases result from decreases in IPI.

Overall range of frequencies and circadian variations
All four species displayed the typical gymnotiform pattern of daily rate modulations with
higher rates used at night (Fig. 1.2), and this difference was significant for all of the species. S.
elegans nocturnal mean EOD rates were 49% higher than those recorded during the day (average
night rate = 78.94Hz, average day rate = 53.06Hz, t(4) = +7.49, p < .01, two-tailed). H. cf.
lepturus nocturnal mean EOD rates were 24% higher than those recorded during the day
(average night rate = 96.74Hz, average day rate = 77.83Hz, t(4) = +9.32, p < .001, two-tailed).
M. cf. bilineatus nocturnal mean EOD rates were 15% higher than those recorded during the day
(average night rate = 99.58Hz, average day rate = 86.48Hz, t(4) = +3.27, p < .05, two-tailed).
Brachyhypopomus sp. nocturnal mean EOD rates were 85% higher than those recorded during
the day (average night rate = 6.43Hz, average day rate = 3.48Hz, t(4) = +6.88, p < .01, twotailed).
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Figure 1.2. Day and night average EOD rates. All species exhibited higher EOD rates at night as
compared to during the day. Asterisks indicate a significant day/night difference within the
species. Error bars represent ±1 SE.

This relative change from day rate to night rate was inversely proportional to the average
rate for each species, such that the species with the lowest overall rate (Brachyhypopomus sp.)
had the largest relative rate difference between day and night rates, and the species with the
highest overall rate (M. cf. bilineatus) had the smallest, suggesting that slower rate fish may need
to additionally increase their night-time EOD rates to achieve an adequate sampling rate of their
environment during their active period. EOD rates for all species generally began to increase
gradually an hour or two preceding lights-off, and then abruptly increased at lights-off at 19:30.
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The abrupt increase in frequency can be visualized on a pulse-to-pulse level as an abrupt
decrease in IPI, seen in Figure 1.3.
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Figure 1.3. IPI changes at the transition of subjective nightfall (time = 0). Nightfall is indicated
by vertical arrows. Each dot represents the IPI between two consecutive EODs. Each panel
shows an example from one individual for each species. All subjects showed a rapid shortening
of IPI at lights off (1900 hrs). The stray IPIs (examples indicated by arrow-heads) are most likely
movement artifacts and are predominately present in the two-electrode recordings and when the
animal is actively swimming and changing orientation to the recording electrodes.

In addition to showing higher rates at night, all subjects showed a smaller range of rates
during the night as compared to the day. That is, day-time rates range from low to high, while
night-time rates are predominantly high, with almost no expression of low-resting rates. This
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results in a night-time rate distribution that has a smaller range and faster rates in comparison to
the day-time rate distribution (Figure 1.4).

Figure 1.4. Example day (red) and night (blue) instantaneous rate distributions for each species.
Each plot shows the distribution of instantaneous rates (inverse of IPIs) in a 72-hr time period for
one individual. Note different scales. All species had significantly slower rates during the day
(longer IPIs) as compared to night (shorter IPIs) (p<.05) and the range of instantenous was larger
for all species during the day as compared to night.

Range and stability of ongoing rate
The range of rates and ongoing variability of instantaneous rate varied greatly between
species. For Brachypopomus sp. the mean CV was much larger than for the other species,
highlighting higher rate variability, particularly at low daytime discharge rates. We compared
day and night CVs and found that for S. elegans, H. cf. lepturus, and M. cf. bilineatus the average
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CV was higher at night than during the day, with this difference being significant for S. elegans
(S. elegans average night CV = .004, average day CV = .00172, t(4) = -4.1, p < .05, two-tailed;
H. cf. lepturus average night CV = .01284, average day CV = .00824; M. cf. bilineatus average
night CV = .0178, average day CV = .00942), whereas for Brachyhypopomus sp. the average CV
was lower at night than during the day (average night CV = .10076, average day CV = .1277)
(Fig. 1.5). This analysis of mean CV shows that despite a larger range of IPIs during the day, that
for all of the species analyzed here except Brachyhypopomus sp. the ongoing variability of
instantaneous rate on a short-term time scale of 200 intervals (approximately 2 to 30 seconds) is
more stable during the day than at night. The larger range of IPIs is due to more gradual changes
occurring over several minutes to hours, as opposed to the short-time scale assessed here.

Stability of instantaneous rate without recording noise and potential variation caused by
changes in subject location
Our multi-electrode recording technique showed CV patterns consistent with our twoelectrode technique (S. elegans mean night CV = .0138, mean day CV = .0013; H. cf. lepturus
mean night CV = .0457, mean day CV = .0076; M. cf. bilineatus mean night CV = 0.01, mean
day CV = 0.0102; Brachyhypopomus sp. mean night CV = .0776, mean day CV = .171).
Independent t-tests revealed no significant differences between the two recording techniques,
although the two-electrode recordings show more signs of recording noise and IPI variability due
to fish movements. The higher mean CV values at night are therefore indicative of actual higher
variability of instantaneous rate at night as compared to during the day, and are not simply due to
increased recording noise at night influencing the mean CV measure.
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Pacemaker stability
To investigate intrinsic pacemaker regularity in the absence of exploration and overt
electromotor behaviors, we made comparisons of variability across four time periods: morning
(lights on at 7:30am), afternoon (13:30pm), early night (lights out at 19:30pm), and early
morning (1:30am). We measured the CV in short segments of time (2000 IPIs, approximately 20
to 320 seconds).
In this case, the CV remained relatively constant across time periods suggesting that
pacemaker stability does not significantly vary throughout the day and that the increase in rate
variability at night may be due to an increase in short-term EOD behaviors (Fig. 1.6).

Figure 1.5 Stability of ongoing rate. Plots show the mean CV for each individual from each of 4
species. Mean CV was significantly higher during the day for S. elegans only (p<.05).
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Figure 1.6. Mean CV during periods without electromotor behaviors or movement. Plots show
the mean CV for each individual from each of 4 species at 4 different time points beginning with
the first lights on of the continuous recording. No significant differences were found across time
points.
Variability associated with short-term EOD modulations
The vast majority of changes between successive IPIs are extremely small (<0.6%) -- as
corroborated by the low CV values in the previous analysis -- indicating that the most common
change in interval duration from one interval to the next is essentially no change. During shortterm EOD behaviors, however, fish increase (or occasionally decrease) their EOD frequency
rapidly enough that these electromotor behaviors are apparent when examining IPI-to-IPI
changes. The distribution of changes greater than 0.6% – those associated with short-term EOD
behaviors – can be seen in Figure 1.7. In S. elegans, H. cf. lepturus, and M. cf. bilineatus, the
range is very restricted, indicating that even when looking at the range of IPI-to-IPI changes
great enough to be considered pacemaker modulations (i.e. electromotor behaviors), rate changes
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tend to be gradual in these species. In Brachyhypopomus sp., however, the distribution is wider,
illustrating that the species has not only greater overall rate variability as shown above, but also
greater variability from one interval to the next.

Figure 1.7. Distribution of IPI-to-IPI changes greater than 0.6%. IPI-to-IPI relative changes over
the entire 72-hr period are shown for a representative individual of each species. The proportion
of relative changes greater than 25% was <0.1.

Prevalence of short-term EOD behaviors
Short-term EOD behaviors, defined here as changes in IPI that are characterized by at
least a 1.5% change from baseline occurring within 1-second, were examined. The types and
prevalence of these behaviors varied between species. All species exhibited short-term frequency
increases during the recording period, which resemble the novelty response described in weakly
electric fish species (but were displayed in the absence of any identifiable novelty), perhaps
indicating intrinsic motivation to explore (Fig. 1.8). S. elegans and H. cf. lepturus additionally
exhibited short-term frequency decreases.
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Figure 1.8. Examples of the stereotypical behaviors seen in the repertoire of each species. Note
the difference in scale between the figures. Steotogenys elegans and Hypopygus cf. lepturus were
the only species in which we observed short-term frequency decreases (increases in IPI).
Brachyhypopomus sp. exhibited such high variability that short-term frequency increases were
the only easily distinguishable behavior produced. In this figure, frequency refers to the
converted IPI.

There were noticeable inter-individual differences in short-term EOD behaviors in S.
elegans. One subject (R33) made an average of only 0.5 short-term EOD behaviors per 10minute period during the day, with an average of 6 short-term EOD behaviors per 10-minute
period during the night. In contrast, another animal (R32L) showed an average of 3.67 short-term
EOD behaviors per 10-minute interval during the day, and 1.25 per 10-minute period during the
night (Fig. 1.9). The other 3 S. elegans showed very little difference in short-term EOD behavior
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propensity between day and night times. There were also noticeable inter-individual differences
in short-term EOD behaviors in Brachyhypopomus sp. Three of five subjects showed on average
fewer than 15 short-term EOD behaviors per 10-minute period, whereas the other two subjects
exhibited a higher number of short-term EOD behaviors (Fig. 1.9). Four out of the five
Brachyhypopomus sp. examined exhibited fewer short-term EOD behaviors at night than during
the day, but this difference was not significant (t(4) = 1.5, p = .208, two-tailed, r2 = 0.36).
In contrast, all H. cf. lepturus and M. cf. bilineatus exhibited fewer short-term EOD
behaviors at night than during the day (Fig. 1.9). This difference was significant for H. cf.
lepturus (t(4) = 3.11, p = 0.036, two-tailed, r2 = 0.71) but was not significant for M. cf. bilineatus
(t(4) = 2.11, p = 0.102490, two-tailed, r2 = 0.53).

Figure 1.9. Prevalence of short-term EOD behaviors. The mean number of short-term EOD
behaviors for each individual over a 10-minute period at the beginning of each hour are shown
for daytime and nighttime samples. Only Hypopygus cf. lepturus showed a significant difference
between day and night, with fewer short-term IPI changes at night (p<.05).
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The daily differences in the prevalence of short-term EOD behaviors do not explain the
increased mean CV at night seen in the previous analysis, as S. elegans and M. cf. bilineatus
showed higher nighttime mean CVs but did not reliably (S. elegans) or significantly (M. cf.
bilineatus) show a higher nighttime prevalence of short-term EOD behaviors.

Discussion
We examined several properties of the EOD pacemaker rhythm that vary both between
and within species on both short and long time-frames. We first looked at overall EOD frequency
and range differences between species and between day and night hours, and then examined
aspects of EOD stability across these same scales. Our first examination of stability was done by
assessing mean CV over periods of 200 intervals. This measure of variability includes
spontaneous changes in EOD rate that might reflect behavioral changes, including active
exploration. Then, to determine the causes of the initial differences in CV we found, we sought
to pull apart stability differences caused by potential fluctuations in pacemaker regularity (as
measured by circadian differences in mean CV during periods free of exploration or overt
electromotor behaviors) versus stability differences caused by changes in the prevalence of shortterm EOD behaviors.
All species exhibited faster EOD rates during night (active) periods with a smaller range
and variability of IPIs as compared to during day (quiescent) periods. During the night periods
subjects were actively exploring their environment. For example, S. elegans were observed to be
in the central tube shelter during virtually all of the daytime period and were out of the shelter
during virtually all of the nighttime period. Their faster EOD rate at night therefore corresponds
to periods of active exploration and is indicative of the fish increasing their sampling rates to
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increase temporal resolution and acuity of their electromotor exploratory behavior. These higher
discharge rates at night may in effect allow subjects to make sensory distinctions more readily
during their active time, as supported by Heiligenberg’s (1980) work showing that fish more
readily detect novelties at high EOD frequencies.
In addition to higher frequencies exhibited at night, all species and individuals examined
also showed a smaller range of EOD frequencies at night as compared to during the day. The
smaller range of EOD frequency at night illustrates a difference between day and night EOD
sensory strategies. The night-time period, when fish exhibit higher frequencies with a more
restricted frequency range, corresponds to the period of time at which subjects are active. It is
therefore possible that subjects maintain a higher rate for the advantage of the increased
sampling frequency when exploring. The restricted range observed may then be due to two
factors: (1) a minimum frequency at which the sampling rate is sufficient to adequately detect
novelties in the environment while exploring and (2) a maximum frequency beyond which the
gain in sampling frequency is no longer beneficial. Beyond these functional causes, fish may
have additional mechanistic causes as well for their maximum sustained EOD frequencies. One
possibility is that the electrocytes of the electric organ simply do not repolarize in a timely
enough fashion to support higher discharge frequencies. Additionally, there may be an associated
ultimate metabolic cost as discussed by Salazard & Stoddard (2008).
By quantifying the energetic cost of EOD production in Brachyhypopomus
pinnicaudatus, Salazard & Stoddard (2008) found that metabolic cost increases as EOD rate
increases, and that this cost is higher for males than for females. They further hypothesized that
larger, presumably more fit, males expend more energy on EOD production, highlighting a tradeoff in increased signal rates. Given that EOD production has an energetic cost, it is not surprising
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that fish exhibit faster rates during the night when the metabolic cost of an increased sampling
rate is necessary for exploration, but reduce rates during the day while at rest to conserve energy.
In addition to overall daily rate and stability differences, we sought to determine if daily
and species differences existed in pacemaker stability. Three of the species studied (S. elegans,
H. cf. lepturus, and M. cf. bilineatus) exhibited greater rate variability at night, whereas
Brachyhypopomus sp. exhibited smaller overall variation in rate at night that trended toward
significance. In fact, the CVs for Brachyhypopomus sp. were substantially higher than for the
other three species and the rates for Brachyhypopomus sp. were substantially lower, meaning that
they are slow and irregular in comparison to the other species. This drop in nighttime mean CV
in Brachyhypopomus sp. therefore is clearly associated with the increase in rate stability at night
when frequency increases (Figure 3). When discharging at such a low rate during the day, the
pacemaker of the electric system is highly variable, and the increase in stability at higher rates is
clearly seen in this species. Our multi-electrode recordings showed the same mean CV day/night
pattern with higher mean CV levels at night for S. elegans, H. cf. lepturus, and M. cf. bilineatus,
indicating that the result is not simply due to higher levels of recording noise at night.
When examining IPIs during periods of time free of exploration or overt electromotor
behaviors, however, our results show that pulse-to-pulse variability does not vary greatly
between different periods of the day. This suggests that the inherent variability of the pacemaker
remains constant throughout the day for these species. The question then becomes why overall
mean CV is higher at night than during the day for all of these species other than
Brachyhypopomus sp.. Our next step was to investigate whether this circadian difference in mean
CV could be due to differences in the number of short-term EOD behaviors between day and
night.
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The vast majority of short-term EOD behaviors that we observed were short-term
frequency increases, which were analogous in electrical behavior to the novelty response
described in many WEF species (Lissman, 1958; Moller, 1995, p. 346). We referred to them here
as short-term frequency increases as they were recorded in the absence of any stimulation
(identifiable novelty), although they may also be interpreted as spontaneous observing or
orienting responses. As the increase in EOD rate in these short-term EOD behaviors also results
in an increased sampling rate of the environment and therefore should be associated with better
novelty detection, we expected more of these electromotor behaviors to be exhibited at night
while animals were actively exploring, which could have been the cause for higher overall
nighttime mean CV values. However, when examining the day/night differences in the
prevalence of short-term EOD behaviors, we found that H. cf. lepturus, Brachyhypopomus sp.,
and M. cf. bilineatus all exhibited fewer short-term IPI changes at night, which was significant in
H. cf. lepturus, whereas S. elegans showed large inter-individual differences. Our results,
therefore, do not support the hypothesis that short-term EOD behaviors are responsible for
elevated mean CV values at night.
Forlim & Pinto (2014) found that in non-stimulated Gymnotus carapo subjects exhibited
greater variability in IPI during active periods so it is surprising that we were not able to clearly
document that pattern in these investigations. However, when evaluating the presence of shortterm EOD behaviors, only those that could be distinguished from recording noise were counted,
and thus the number of short-term EOD behaviors at night may be under-represented.
The prevalence of short-term EOD behaviors with smaller EOD rate changes -- those
changes in frequency that did not achieve a 1.5% change in frequency within 1s -- was not
counted when assessing short-term EOD behavior prevalence, but may very well be more
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frequent at night if they contribute to electrosensory acuity. If these smaller types of short-term
EOD behaviors are more frequent at night, they would contribute to an increase in mean CV.
Additionally, the short-term EOD behaviors observed during the day were of a larger magnitude
than those observed at night. This is likely due to the fact that subjects have a larger ability to
increase their rate during the day than at night, when they are already discharging at a faster rate
closer to their potential maximum. Additionally, at night when rates are already high, a smaller
increase is all that is needed for increased sensory acuity and further increases may result in
diminishing gains. The smaller frequency changes associated with nighttime short-term EOD
behaviors compared to those produced during the day means that short-term EOD behaviors
produced at night may have been more difficult to distinguish from recording noise, which is
also higher at night. It seems, therefore, that much of the overall increase in mean CV seen at
night may be due higher levels of recording noise at night while fish are active, and possibly a
higher prevalence of short-term EOD behaviors than we were able to determine, both due to
noise masking the behaviors and the smaller magnitude of short-term EOD behavior frequency
changes at night.
Salazar & Stoddard’s (2008) work investigating the metabolic cost of EOD production
suggests that short-term EOD changes might serve to further increase the sampling rate of the
environment without requiring the metabolic investment of a prolonged faster discharge rate.
There is likely a relatively more manageable cost to making these short-term changes during the
day than at night, since the baseline rate is much lower and requires less energy to produce.
Additionally, subjects have a larger ability to increase their discharge rate during the day since
they are not discharging as close to their maximum rate like they are at night. Additionally, they
may simply not need to increase their EOD rate as much during the night as they may already be
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at a high enough sampling rate for adequate electrosensory acuity. This is may be the reason for
our observation that short-term EOD behaviors were more common in some species during the
day. All H. cf. lepturus and M. cf. bilineatus showed a higher prevalence of short-term EOD
behaviors during the day. These species also have higher baseline EOD rates, and thus the
increased sensory acuity associated with a short-term frequency increase is not necessary. S.
elegans and Brachyhypopomus sp. however, have lower baseline EOD rates and had more interindividual variation in the prevalence of short-term EOD behaviors. They may be supplementing
their nighttime increase in EOD frequency with further increases in the form of short-term EOD
behaviors. The inter-individual differences may be due merely to individual differences in
exploratory motivation under solitary conditions.
Since fish were not disturbed or manipulated during the recording period, they may have
been less motivated to produce short-term IPI changes to increase their sampling rate. These
short-term IPI changes may be more prevalent and consist of greater frequency excursions at
night if fish are exposed to more novel sensory information. Our results suggest that without
novel stimulation, EOD frequency may be the strongest indicator of attentive state, and that the
relationship between short-term EOD behaviors and attention under these conditions is less clear.
We were able to illustrate that these four species from these four genera do indeed have
different baseline EOD behaviors and a difference in the repertoire of specific behaviors.
Brachyhypopomus sp. showed high variability during both day and night, and it was often
difficult to determine whether subjects had made a short-term frequency change due to the fact
that baseline rate was almost impossible to determine with such high variability. The only type of
behavior we were able to readily distinguish was a short-term frequency increase. M. cf.
bilineatus, on the other hand, showed more stable rates and more gradual changes. We were able
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to distinguish both a short-term frequency increase and extended frequency increase in this
species. H. cf. lepturus and S. elegans, which are the most closely related of the species, showed
relatively similar patterns of day and night IPI distribution and changes in mean CV, and
exhibited a larger repertoire of short-term EOD behaviors, including short-term frequency
increases, extended frequency increases, and a short-term frequency decrease which we have not
posited a function for.
These electromotor behavioral repertoires may serve as useful taxonomic indicators in
gymnotiforms, particularly if these metrics are characterized in more species. For example, the
electromotor behaviors documented here for S. elegans are distinguishably different from those
that we have seen in some initial investigations in S. ocellatus, the latter of which exhibits a
cessation of the EOD that we have never seen in S. elegans (C. Field & C.B. Braun personal
observation.). Given that new species continue to be documented within these genera (Albert &
Crampton, 2005), these electromotor behavior taxonomic indicators could provide a noninvasive means of species identification.
Our results suggest that these species may use different sensory strategies. For example,
Brachyhypopomus sp. may have such variable rates partially because with such a low baseline
EOD frequency, they have a need for frequent excursions to shorter IPIs so as to gain sampling
acuity, whereas the other species studied may not have this need as they are already sampling
their environment at a sufficient rate at baseline to attend to their sensory needs. This may in fact
suggest that Brachyhypopomus sp. are less aware of changes in their environment in comparison
to the other species studied here, or they may make up for their slow rate with a large amplitude
signal that has a larger sensory range, which we did not measure here.
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Short-term EOD behaviors such as short-term frequency rises likely do not have the same
metabolic cost for each of the species examined here; for example, species with low average
rates (e.g. Brachyhypopomus sp.) may not be as close to their metabolic max, and so brief
frequency excursions may not have a large impact on metabolic expenditures, whereas for
species with higher average rates (e.g. M. cf. bilineatus), these fish may already be close to their
metabolic max and further accelerations may be more costly. Additionally, short-term frequency
increases may be more beneficial to some species than others, such that for lower frequency fish
(Brachyhypopomus sp.) the proportional change in sampling information that is acquired from
increasing rate by 5 Hz for example, may be more relatively beneficial than the same 5 Hz
increase in a species that is already discharging at a faster rate. A species’ baseline rate may
therefore affect its frequency variability and propensity for short-term EOD behaviors due to
both different metabolic costs and differences in the relative amount of sensory information to be
gained.
Species from the genera from all of the genera studied here are found in lowland
freshwaters of terra firme systems throughout the Amazon basin (S. elegans is additionally found
in deep river channels), and these systems have large seasonal fluctuations in conductivity that
may affect the range of EOD rates and electromotor behaviors that we documented (Albert &
Crampton, 2005). For example, species from Brachyhypopomus, such as the species with the
lowest EOD rate studied here, are commonly found in waters with seasonally low O2 levels.
Their low rate may be an adaptation to these environments that reduces the metabolic cost of
EOD production (Albert & Crampton, 2005; Julian, Crampton, Wolgemuth, & Albert, 2003).
Members of Hypopygus and Microsternarchus may alternatively conserve energy by producing
signals with lower EOD amplitudes than those of Brachyhypopomus.
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Chapter 2:
Chirps in the weakly electric fish Steatogenys elegans: Characteristics
and eliciting stimuli

Resource Competition and Status Signals
Inter- and intra-specific resource competition is widespread across plants and animals
when resources are limited, with species showing adaptive responses and aggressive behaviors
based on competition and resource availability. For example, planktonic algae will compete over
phosphate and silicate resources, with predictable species ratios observed based on which species
is better suited to utilizing the limited resource, with the species that is more adaptable to the
scarcity holding more territory (Tilman, 1977). The tropical lizard Anolis aeneus exhibits
resource competition where aggressive interactions in females are predicted by the abundance of
food resources, and in males by the abundance of potential mates (Stamps, 1977). In barnacle
geese, subordinate males fly at the front of the flock and are often the first to arrive at a desirable
food resource, but are quickly displaced by larger, higher status males. The subordinate males
are then forced to spend additional time foraging for other, less desirable resources (Stahl,
Tolsma, Loonen, & Drent, 2000).
In some primates this competition over resources can even skew the sex-ratio in a
community. For example, macaques and baboons show evidence that if there is competition over
food among females, those females with better success at obtaining the limited resource are more
likely to birth females than those that are less successful (Silk, 1982).
In these competitions over limited resources, individuals may minimize the cost of an
aggressive encounter by only competing in scenarios where they have a high likelihood of
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winning and obtaining the needed resource. Being able to make this distinction requires that
animals have some means of assessing the status of others. Many species exhibit status signals
that communicate their resource holding potential (RHP), which allow them to make such
distinctions (Parker, 1974; see General Introduction). Examples include the plumage of male
peacocks (Sharma, 1974) and the claw-waving of male sand fiddler crabs (Crane, 1975).
The function of signals as status indicators may be determined in various ways.
Commonly, function is assigned based on the response of conspecifics to the signal, such as in
playback experiments that look at female mate choice in response to a signal thought to be a
status advertisement for mating, or the probability of aggressive actions in response to a signal
thought to communicate status (Falls, 1992). Alternatively, the stimuli that evoke the potential
status signal may be investigated to determine the context in which the signal is produced. For
example, if a signal is produced in response to a potential mate, then the signal may be serving as
an advertisement, and if a signal is reliably produced in response to an intruder, then it may be
serving as a status or aggressive signal. In this study, we investigated the stimuli that evoke a
potential status signal in the weakly electric fish Steatogenys elegans.

The EOD as a Status Indicator
The electric organ discharge (EOD) in weakly electric fishes (WEF) has conventionally
been described by its amplitude, frequency, and duration (the latter two are correlated in wavetype fishes, as an increase in pulse duration corresponds to a decrease in frequency and vice
versa). All of these parameters appear to be used by conspecifics to evaluate status.
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Pulse Duration
In Brachyhypopomus gauderio, pulse duration is closely tied to androgen levels;
Gavassa, Silva, & Stoddard (2011) found that circulating levels of testosterone (T) and 11ketotestosterone (11-KT) are closely linked to pulse duration in both males and females. As the
authors discuss, androgen levels are tightly tied to reproductive traits in B. gauderio, and as such
EOD duration could be an honest indicator of reproductive fitness. In fact, Curtis & Stoddard
(2003) have shown that female Brachyhypopomus pinnicaudatus prefer larger males with high
EOD amplitudes and long EOD pulse durations. Gavassa, Roach, & Stoddard (2013) found that
males increase their EOD pulse duration in the presence of females, but increase their EOD
amplitude only in the presence of males, indirectly suggesting that females attend to pulse
duration in mate choice. Similarly, Few & Zakon (2001) found that administering androgens
(DHT) into the electric organ of Sternopygus macrurus increased pulse duration (although did
not changing the firing frequency of the pacemaker nucleus), lending support to the idea that
pulse-duration might serve as a reliable indicator of status and reproductive ability.
EOD Frequency
EOD frequency is also tied to status indicators in some species, particularly in wave-type
fish. Both Apternotus leptorhynchus and Eigenmannia virescens, two wave-type gymnotids,
establish hierarchies where EOD frequency is correlated with body size and aggressiveness
(higher frequencies are exhibited by larger individuals with higher levels of aggressiveness in
Apteronotus leptorhynchus, whereas the opposite is true in Eigenmannia virescens) (Hagedorn &
Heiligenberg, 1985; Dunlap, Thomas, & Zakon, 1998; Dunlap, 2002). Similarly, Fugère, Ortega,
& Krahe (2011) found that in the wave-type gymnotiform Sternarchorhynchus sp., EOD
frequency is positively correlated to both body size and dominance (as assessed by competition
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trials over a single shelter with individuals who spent more time in the shelter and initiated more
aggressive behaviors being classified as dominant). The authors showed that when presented
with a playback, these fish were more likely to attack a playback electrode playing a lower
frequency as opposed to a higher frequency. Therefore, larger more dominant
Sternarchorhynchus sp. tend to have higher frequencies than smaller, less dominant conspecifics,
and when presented with EOD frequency alone (without visual size cues or physical aggression
cues) these fish are more likely to attack a lower frequency playback, showing that EOD
frequency may aid in assessing status.
Comparatively less is known about the association between frequency and status in pulsetype Neotropical WEF species. Westby & Box (1970) found that in Gymnotus carapo,
individuals with higher resting frequencies exhibited more aggressive behaviors (e.g.
approaching, head butting, chasing, and biting) in social encounters, which suggests that EOD
frequency may be tied to status in this pulse-type fish.
EOD Amplitude
Amplitude can also serve as a status signal. In the pulse-type fish Hypopomus
occidentalis, dominant males (those able to win a contest over a single shelter) have larger EOD
amplitudes than subordinate males (Hagedorn & Zelick, 1989). Similarly, EOD amplitude is
closely tied to the size of the fish, with larger fish generally having larger amplitudes. Gavassa,
Roach, & Stoddard (2013) showed that male Brachyhypopomus gauderio increase both their
pulse amplitude and duration in the presence of other males, and that conspecifics likely use
amplitude information to assess body size, which can serve as an indicator of RHP.
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Temporal Aspects of the EOD
Pulse fishes also use the timing of their EOD in aggressive encounters and dominance
interactions. Whenever two or more fish are interacting, they must be able to distinguish their
own signal from those of conspecifics, which poses a problem if they are in close proximity with
interfering signals. Jamming occurs in weakly electric fishes when there is spatial and temporal
overlap of the EODs of two or more individuals resulting in impaired electrosensory ability
(Heiligenberg, 1977). The period just before the production of an EOD is the period at which an
individual shows the lowest behavioral response threshold, meaning that it is the period of
maximum electrical sensitivity, whereas the period immediately following the production of an
EOD is when an individual shows the highest behavioral response thresholds (lowest sensitivity)
(Westby, 1975c). And obviously, the time during the EOD is most important for the
electrolocation abilities based on sensing distortions in the self-generated carrier field. Westby
(1979) conducted experiments in which he recorded the electrical interactions of pairs of
Gymnotus carapo. He found that in periods of matched discharge frequency, when overlap of the
EODs is likely to occur, that the more dominant fish generally assumed a leading phase (i.e.
discharged immediately before) relative to the less dominant fish. Because of the asymmetrical
sensitivity surrounding the EOD described in Westby (1975c), this means that the dominant
Gymnotus carapo in Westby’s (1979) experiment were putting themselves in the position of
jamming the other fish and ensuring that they themselves were not jammed. In all cases the more
dominant fish was the larger of the two individuals, and was categorized as dominant due to its
higher levels of aggressive motor and electrical behaviors described in Westby (1975a).
The act of jamming itself may thus be an aggressive behavior. Apteronotus
leptorhynchus, a wave-type fish, will elevate their EOD frequency in response to a rival with a
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higher frequency than their own (Tallarovic & Zakon, 2005), thereby creating a smaller
difference in frequency between themselves and the rival, creating greater jamming interference.
Tallarovic & Zakon (2005) additionally found that when presented with an artificial playback,
subjects were more likely to attack playbacks with a lower frequency than their own, but not if
the playback simulated a lower frequency conspecific raising its frequency to match that of the
subject. In this second type of playback, the playback stimulus was doing what the fish did in the
first part of their experiment: creating a scenario where the difference in frequency is reduced
and there is an increased likelihood of jamming. Since this decreased the likelihood of subjects
attacking the playback electrode, it is possible that this decrease in dF initiated by the playback
was interpreted by the subject as an aggressive act.
A jamming avoidance response (JAR) is well documented and has been examined in
multiple WEF species. In pulse species, it consists of momentary rapid changes in frequency in
an attempt to avoid temporal coincidence (thus avoiding jamming) with conspecific signals
(Heiligenberg, 1974). In our laboratory, we have been characterizing the JAR and the nature of
jamming stimuli in pulse-type gymnotiforms (e.g. Steatogenys sp., Hypopygus sp.,
Microsternarchus sp.). Our experiments consist of presenting potentially jamming playbacks to a
fish in a recording aquarium while recording its own EOD. A common JAR in these species
consists of a rapid increase in EOD frequency (5 – 15%) followed by a more gradual decline
back to baseline resting rate. This response resembles the short-term frequency increase
described in chapter 1, but is typically displayed at specific phase relationships to avoid
imminent coincidences.
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Steatogenys elegans & the Chirp
We have been investigating jamming related behaviors in S. elegans, a pulse-type
gymnotiform. Steatogenys sp. is comprised of at least 3 different species (duidae, elegans, &
ocellatus) and is found in lowland freshwaters of the Amazonian Basin (Crampton, Thorsen, &
Albert, 2004). S. elegans is a pulse-type fish whose EOD frequency is relatively constant from
one pulse to the next, and amplitude varied by only about 1% in our initial investigations, the
majority of which can be attributed to measurement error (see Chapter 1 for characteristics of
electrical output in S. elegans).
In S. elegans we observed the common JAR that we have seen in the pulse-type
gymnotiforms we have investigated, consisting of a rapid frequency increase of 5-15% followed
by a gradual return to baseline, but also a second response type consisting of a larger and much
more rapid frequency increase (30 – 75%) lasting for one to four pulses followed by an
immediate return to baseline. These pulses associated with the rapid increase in frequency were
also sometimes characterized by decreasing amplitude from one pulse to the next, with a mean
decrease of 5% to 15% from baseline. This response resembles chirping behavior in other WEF
species.

Chirps
The chirp is another EOD behavior that is associated with dominance, RHP, and
aggression (Triefenbach & Zakon, 2008). In wave-type species, chirps are associated with male
aggression and mating behavior and are also produced by females in a mating context and in
conspecific interactions (reviewed in Moller, 1995). For a brief overview of the WEF species
with documented chirps and their characteristics, see Table 2.1.
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Species
Apteronotus
leptorhynchus1, 2
Apteronotus
albifrons1
Eigenmannia1, 3

Type
Wave

Duration
10 – 200ms

Wave

Brachyhypopomus
pinnicaudatus4
Hypopomus
brevirostris5
1
4

Sex Diff.
M>F

70 – 200ms

Context
M & F in courtship,
M in aggression
Conspecific interactions

Wave

10 – 200ms

Courtship & aggression

M>F

Pulse

50 – 150ms

Courtship & aggression

M only

Pulse

20 – 50ms

Courtship

M only

M=F

Dunlap & Larkins-Ford (2003); 2Dulka & Maler (1994); 3Hagedorn & Heiligenberg (1985);
Perrone, Macadar, & Silva (2009); 5Kawasaki & Heiligenberg (1989)

Table 2.1. Species with documented chirps.
In Apteronotus leptorhynchus, chirps are emitted during aggressive interactions and
courtship. Triefenbach & Zakon (2008) conducted trials with pairs of fish in a tank with a single
shelter, and in the ensuing competition over the shelter the ultimate winner emitted more chirps
than the loser. In this sense, the chirp can be seen as a sign of status, or as a threat signal.
Zupanc, Sirbulescu, Nichols, and Iles (2006) investigated the rate of chirping in male
Apteronotus leptorhynchus and found that when a male was presented with another male
emitting an EOD rate very similar to its own, it responded with chirps, independent of whether
the neighboring fish’s signal was at a higher or lower frequency. The authors hypothesized that
the chirps may be serving a communicatory function during aggressive encounters.
The literature is far more extensive for chirping in wave-type fishes, but there are reports
of chirp-like behavior in two pulse-type species. Chirps have been documented in male
Brachyhypopomus pinnicaudatus, in courtship and aggressive contexts, and in male Hypopomus
brevirostris, in male-female courtship interactions (Perrone, Macadar, & Silva, 2009; Kawasaki
& Heiligenberg, 1989).
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The goal of this study was to determine what stimuli cause S. elegans to emit chirps. We
sought to determine if chirps occur under baseline conditions in the absence of any foreign EOD,
to quantify the stimuli that elicit chirps using two different forms of simulated conspecific
playbacks, and to quantify the chirp response under these conditions. As a first step in
investigating the function of the chirp, we also examined the response to chirp playbacks. The
methodology and results of these experiments are given below.

Methods
Subjects
Subjects (N=8) were obtained from a commercial fish distributor (Table 2.2), and were
housed in glass aquaria held at constant temperature on a 12h light/12h dark cycle. Subjects were
fed black worms ad lib. at least twice per week.
Subject ID
Length Origin
R33
*
SEG006
21cm
*
C31
*
R32S
*
R32L
*
JRHypo_unknown 10cm
Iquitos, Peru**
JRHypo_010
6.1cm
Iquitos, Peru**
JRHypo_011
10.2cm Iquitos, Peru**
Table 2.2 List of subjects *These subjects were obtained from a commercial fish distributor with
unknown origins. **These subjects were obtained from a commercial fish distributor via Iquitos,
Peru and were collected relatively close to this location.

General Experimental Procedures
Recordings were conducted in a glass aquarium modified from Franchina & Stoddard’s
(1998) design, with one shelter in the center and carbon electrodes mounted vertically at each
end in line with the central shelter. The aquarium was maintained at constant temperature
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(25°C±0.5°C) and conductivity (100 – 130 μS/cm). The tank was situated on a vibration-isolated
surface (Nano-k, Minus k Technology, Inglewood, CA) inside of a light-controlled single-walled
noise attenuating chamber (Industrial Acoustics Corporation,New York, NY). The voltage across
the electrodes was amplified 500 – 1,000x and band-pass filtered between 0.1Hz-10,000Hz (AM
Systems model 3000). The signal was then passed to a portable data acquisition device (TuckerDavis Technologies RP 2.1) controlled by a computer running custom Matlab® routines. The
input voltage was digitized at 50 kHz and fed through a custom collection circuit created in
TDT’s RPVDS software, which allowed for real-time interval and waveform data to be
collected. The TDT system also controlled the playback signals, which were composed of a
digitized sample of the subject’s own EOD waveform played out through carbon stub electrodes
arranged in a t-shape (3 cm between poles). The playback electrodes were placed within 2 cm of
the fish’s head. The playback EODs were amplitude matched to the fish’s own amplitude and
then the playback electrode was rotated to slightly less than 90° relative to the recording
electrodes to reduce the apparent amplitude in recordings, while still maintaining a small
stimulus artifact for later confirmation and data analysis. All playback experiments were
conducted between 10:00 and 16:00 hours, during the fish’s inactive phase (lights on).

Experiment 1: Continuous Recordings
Continuous interpulse interval (IPI) recordings were collected from 5 subjects (n=5) for
72 hours as described in chapter 1. For two of these subjects (n=2) segments of waveform data
were also recorded by the data acquisition system (sample rate 48 kHz) for confirmation and
more detailed analysis. In these trials, one-second long waveform recordings were collected
whenever there was a 20% reduction in IPI from one pulse to the next.
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Experiment 2: Fixed Time Playbacks
In the fixed time playback experiment, ten individual stimulus pulses were presented with
a fixed time relation to the fish’s own signal. The experiment consisted of 5 trials presented for
each of 8 stimuli. The waveform of the stimulus was a recording of the fish’s own EOD,
matched in amplitude (80-100%) to the recorded signal within the experimental tank (Figure
2.1). The stimuli consisted of 10 pulses presented at the following time relationships to the
subject’s own EOD: Δt -4, -3, -2, -1, -0.5, 0, +0.5, +1, and +2 ms. The signal processing device
calculated each IPI in real time and predicted the following IPI to achieve consistent Δt
presentations. Each 10-pulse train of Δt was presented 5 times, resulting in a total of 45 trials in
each fixed time playback experiment. A 1-min inter-trial interval was used; stimulus presentation
order was randomized. The subject’s EOD rate and waveform were recorded before, during, and
after playback. All eight subjects were run in this experiment.

Delta T

IPI
(measured in ms)

Playback signal
Fish's signal

Figure 2.1. An example of five pulses with a fixed time (Δt = -3 ms) relationship to a subject
fish. The amplitude difference shown here is arbitrary.

Chirplet
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Experiment 3: Fixed Frequency Playbacks
In the fixed frequency playback experiment, subjects were presented with a 10s synthetic
train of EODs with a fixed frequency set in relation to the frequency of the subject at the start of
the trial. The experiment consisted of 5 trials presented for each of 10 stimuli. Stimuli were
defined relative to the subject’s frequency and consisted of the following: Δf -8, -5, -2, -1, -0.5,
+0.5, +1, +2, +5, and +8 Hz. Each was presented 5 times, resulting in a total of 50 trials. A 1-min
inter-trial interval was used; stimulus presentation order was randomized. The subject’s EOD
rate and waveform were recorded before, during, and after playback. All eight subjects were run
in this experiment.

Experiment 4: Chirp Playbacks
In the chirp playback experiment, a synthetic chirp constructed from the fish’s own EOD
was played back to the subject. The synthetic chirp consisted of 3 pulses with an IPI of 50% of
the fish’s own IPI. The first pulse of the synthetic chirp was amplitude matched to the fish’s own
EOD and each subsequent pulse had a 5% decrease in amplitude. The chirp playbacks were
conducted with the first pulse of the playback starting at a fixed time relationship (Δt) of either 0.5ms or +0.5ms in relation to the fish’s EOD (Figure 2.2). 10 trials were run in a randomized
order at each of the two stimuli for a total of 20 trials. Four subjects were run in this experiment
(n =4).
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Playback signal
Fish’ssignal

DT = -0.5ms

Playback signal
Fish’s signal

DT = +0.5ms

Figure 2.2. Chirp playbacks. The first pulse of the playback occurred at one of two fixed-time
relationships: Δt = -0.5 (top panel) or Δt = +0.5 (bottom panel). If the subject does not alter its
EOD (as shown), the third pulse will also occupy a similar phase relation. Playback amplitude is
arbitrarily reduced for graphical purposes.

Analyses
We first examined the prevalence of chirps in the continuous recordings. Using the first
set of continuous recordings with only interpulse interval data (n = 5), chirp rates were calculated
using a criterion of at least two intervals in a row that were at least 35% shorter than baseline
(measured as the average of the 10 IPIs immediately preceding the shortened IPIs), providing
instances of the chirp as defined by its decrease in IPI. This criterion was chosen conservatively
since waveform data were not available for these recordings. We then confirmed the prevalence
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of chirps in the waveform recordings by examining the segments of waveform associated with
20% drops in IPI.
We then examined the probability of chirps and frequency rises in response to the fixed
frequency and fixed time stimuli and quantified the frequency and amplitude changes associated
with those chirps. Finally, we examined the response types elicited to the chirp playback stimuli.

Results
Experiment 1: Continuous Recordings
Chirps appear to occur spontaneously, in isolated animals during continuous recordings.
In the first set of continuous recordings from chapter 1 with only IPI data (n = 5), the mean chirp
rate was 5.4 chirps/24hrs (SD = 5.9). There was considerable individual variability (Table 2.3).
One subject, SR33, emitted 15 chirps in the 3-day recording period, whereas another subject,
R32L, emitted only one. The continuous recordings with waveform (n = 2) confirmed that chirps
were occurring, although the majority of identified chirps were only 1 interval long (Figure 2.3).
For non-chirp behaviors occurring in continuous recordings see chapter 1.

Subject
Daytime Avg.
Nighttime Avg. Overall Avg.
SEG006
0.33
1
1.33
C31
2
0.33
2.33
R32S
4.67
2.67
7.33
R32L
0
1
1
SR33
5.67
9.33
15
Table 2.3. Continuous recording chirp rates. Day and night averages are the mean number of
chirps recorded per associated 12hr time period over the 3-day continuous recording. Overall
average is the mean number of chirps per 24hrs over the 3-day continuous recording.
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0.8
0.6

Amplitude (V)

0.4
0.2
0
−0.2
−0.4
−0.6
0

0.02

0.04

0.06

0.08

0.1

Time (s)

Figure 2.3. Continuous recording chirp. A one interval long chirp collected in the continuous
recording experiment from subject SR33 is shown. The red region of the waveform contains the
chirp. Changes in amplitude were due to the subject’s movement resulting in a change in
Student Version of MATLAB

orientation to the recording electrodes.

Experiment 2: Fixed Time Playbacks
Two response types were observed in these fixed time playbacks. The first was a
jamming avoidance response (JAR) consisting of a rapid increase in frequency that was held
throughout the presentation of the stimulus, followed by a gradual return to baseline (Figure 2.4).
The average maximum frequency reached in the recorded JARs corresponded to a 3% reduction
in IPI from baseline (the average of the 5 IPIs before stimulus presentation). JARs occurred in
response to all stimuli, with considerable individual variation.
The second response type was a chirp consisting of a rapid and large increase in
frequency for between 1 to 3 intervals, followed by an immediate return to baseline. This
response type differed between two groups of subjects. The first 5 subjects tested were older,
larger fish, and their average reduction in amplitude was 8% while their average decrease in IPI
was 65% from baseline (Figure 2.5). Their chirps were between 1 and 3 intervals long with a
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mode of 2 intervals. The second set of 3 subjects was comprised of younger, smaller fish, and the
average reduction in amplitude was smaller, only 3% from baseline, with an average reduction in
IPI of 19% from baseline (Figure 2.6). Their chirps were between 1 and 2 intervals long, with a
mode of 1 interval. The probability of a JAR and chirp response to each stimulus can be seen in
Figures 2.7 and 2.8. JAR responses occurred across fixed time stimuli, but chirps occurred
almost exclusively to negative fixed time stimuli. The highest probability of a chirp response was
seen to the Δt -0.5ms and Δt 0ms fixed time stimuli, and only one chirp was recorded from one
animal in response to positive fixed time stimuli.

Figure 2.4. Jamming avoidance response. Plot of waveform (left panel) and corresponding
changes in IPI (right panel) during a jamming avoidance response.
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Figure 2.5. Example chirp from older and larger fish. Plot of waveform (left) and the
corresponding changes in IPI (right). Red asterisks indicate the timing and artifacts of playback
stimuli. The decrease in subject EOD amplitude is not an artifact.

Figure 2.6. Example chirp from younger and smaller fish. Plot of waveform (left) and the
corresponding changes in IPI (right). Red asterisks indicate the timing and artifacts of playback
stimuli. The fluctuations in subject EOD amplitude are mainly due to superimposition with the
playback.
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Figure 2.7. Fixed time playback JAR probability. Thin lines represent individual fish while the
thick line represents the average across subjects. The red region of the plot consists of stimuli
occurring before the fish’s own pulse, and the green region of the plot consists of stimuli
occurring after the fish’s own pulse.

Figure 2.8. Fixed time playback chirp probability. Thin lines represent individual fish while the
thick line represents the average across subjects. The red region of the plot consists of stimuli
occurring before the fish’s own pulse, and the green region of the plot consists of stimuli
occurring after the fish’s own pulse.
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Experiment 3: Fixed Frequency Playbacks
All subjects in this experiment (except for one) chirped and chirps were recorded across stimuli.
Subjects were most likely to produce chirps, and produced the greatest number of chirps, to a
fixed frequency stimulus of Δf +1 Hz. Only one subject did not produce chirps when presented
with this stimulus. Subjects were least likely to produce chirps to a fixed frequency of Δf -0.5
Hz. Subjects produced between 0 and 12 chirps per trial, with a mean of 2.2 chirps (SD = 2.14)
per trial (excluding trials without chirps). Examination revealed that chirps in this experiment
were triggered when the playback signal pulse occurred during or just before the fish’s own
pulse, paralleling the findings of the fixed-time playbacks. The chirp began with the EOD
immediately following the coincidence. An example of a chirp in this experiment, as well as the
probability of a chirp emission to each stimulus, is illustrated in Figure 2.9.
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Figure 2.9. Waveform of a fixed frequency playback chirp (A) and probability of a chirp
emission to each of the fixed delta-frequency stimuli (B). Red asterisks indicate the timing and
artifacts of playback stimuli in the waveform plot, and the red arrowhead indicates the timing of
pulse coincidence of the subject’s EOD and the playback. In the probability plot, P(response) is
the proportion of trials in which subjects produced at least one chirp. The blue portion of the
probability plot illustrates the fixed frequency stimuli that were slower than the fish’s own
frequency, while the red portion contains faster stimuli. Thin lines represent individual fish while
the thick line is the average across subjects.
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Experiment 4: Chirp Playbacks
In the chirp playback experiment, subjects responded to the stimuli similarly to the way
they responded to fixed time playback stimuli with the same Δt. A Δt -0.5 ms chirp playback
stimulus elicited mainly chirps whereas a Δt +0.5 ms chirp playback stimulus elicited mainly
JARs (Figure 2.10).

Figure 2.10. Responses to chirp playbacks. Probability of response with chirps starting either 0.5
ms before the fish’s own EOD (left), or 0.5 ms after the fish’s own EOD (right).

Discussion
S. elegans produces chirps spontaneously. Under conditions of simulated conspecific
interactions, chirps occur with the greatest likelihood under jamming conditions. Our results in
this experiment indicate that chirping occurs most reliably when the jamming playback has a
specific temporal relation to the fish’s EOD, wherein the playback pulses are coincident with the
fish’s own EOD. The chirp is unique from all of S. elegans’ other EOD behaviors that we have
observed in that the frequency increase from one pulse to the next is large (frequently doubling),
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has an immediate return to baseline, and involves a decrease in EOD amplitude. The entire chirp
lasts for only a few pulses, whereas the other described EOD behaviors highlighted in chapter 1
contain over tens to hundreds of pulses.
The typical frequency rise jamming avoidance response that we observed in the fixed
time playbacks may serve as an effective jamming avoidance strategy, as it lasted several
seconds (longer than the 10 playback pulses lasting approximately 0.2 seconds). The fixed time
playbacks were designed to maintain a fixed phase relationship for the duration of the playback,
but in a more naturalistic setting the increase in frequency would alter the phase relationship
between the subject and the interfering EOD from a live dynamic fish.
In contrast, our results indicate that the chirp is not very effective as a jamming avoidance
strategy. Although the brief increase in EOD frequency does in fact briefly skip over the next
EOD in the playback, the chirp is so brief that the fish quickly reverts back to shifting phase
positions and opportunities for coincidence. The typical frequency rise jamming avoidance
response in S. elegans is much more effective as a jamming avoidance strategy as it succeeds in
avoiding more coincidences for a longer period of time.
Our results show that chirps are emitted most reliably in response to playback pulses that
occur just before or at the same time as the subject’s own EOD (Δt -0.5ms and 0ms) and are least
likely to be emitted in response to playback pulses that occur just after the subject’s own EOD
(Δt +0.5ms and +1ms). According to Westby’s (1975c) work, this means that subjects emit
chirps in response to playback stimuli that occur during the maximal sensitivity period in the
subject’s EOD cycle. In other words, subjects were most likely to emit chirps in response to
playback stimuli that interfered with their electrosensory ability, but the chirp response is not
effective at avoiding subsequent interference, at least when the interference does not change
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itself in response as these playbacks were fixed. It may in fact be possible that in two interacting
fish, the emission of a chirp by the jammed fish could cause the second fish to alter its EOD
frequency in such a way to reduce further jamming. Evaluation of the chirp in two interacting
fish and any subsequent alterations in EOD patterns would need to be investigated to evaluate
this possibility.
Alternatively, if the chirp is not an effective jamming avoidance response, perhaps it is
triggered in response to interfering stimuli being interpreted by the subject as an aggressive
signal, as it was hypothesized to be in Apteronotus leptorhynchus (Tallarovic & Zakon, 2005).
The chirp may be in response to the aggressive implications of interference instead of an attempt
to avoid the interference. Our fixed frequency playback results may support this; when looking
closely at our results we see that in addition to chirps being most likely to be emitted in response
to interfering stimuli, they are also most likely to be emitted when these interfering stimuli are
potentially more difficult to anticipate, as discussed below.
Our fixed frequency playback experiments showed that chirps were most likely to occur
in response to a playback stimulus with a slightly higher frequency than the fish’s own EOD
(+1Hz), and less likely to occur in response to a playback stimulus with a slightly lower
frequency than the fish’s own (-0.5Hz). When a fish is subjected to a playback with a frequency
higher than its own, the pulses of the playback approach coincidence with the subject’s EOD in
such a manner that the playback pulse begins to overlap at the end of the subject’s own pulse and
overlap progressively more with each subsequent EOD. This means that the playback pulses
begin to overlap the subject’s own EOD in the least sensitive portion of the subject’s EOD cycle,
as described in Westby (1975c). In contrast, when a fish is subjected to a playback with a
frequency lower than its own, the pulses of the playback approach overlap with the subject’s
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EOD from the most sensitive side of the subject’s EOD (the period right before the subject’s
discharge). This asymmetrical sensitivity may be causing a situation in which the fish is able to
anticipate and prepare for interfering pulses from a slower frequency playback, and may not be
able to for a higher frequency playback. The element of surprise involved with a slightly higher
frequency playback may be seen as aggressive and add to the likelihood of a chirp response to
that aggression.
The chirp could be an indicator of status or RHP and could hence be used to avoid costly
aggressive encounters. In this case, fish of higher status would be expected to have a higher chirp
propensity than lower status fish. This is true in many chirp-producing species (Triefenbach &
Zakon, 2008), so the question becomes whether the chirp in S. elegans is in fact serving a similar
function to the chirp as in other species.
If the chirp is used as a status indicator, it may be hormonally modulated, which in turn
may ensure its honesty. Since androgen levels are correlated with status, body size, and chirp
propensity in other gymnotiform species (Dunlap, Thomas, & Zakon, 1998; Dunlap, 2002), in
chapter 3 we will determine whether this correlation holds for S. elegans in relation to the chirp.
If the generation of the chirp is hormonally modulated, it would suggest that chirps could in fact
be used as an honest indicator of status and RHP, and likely provide salient information in many
social interactions.
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Chapter 3:
The hormonal modulation of chirps in Steatogenys elegans

Chirping behavior in weakly electric fishes is most often seen in aggression and courtship
displays, and in some species appears to be linked to status and resource holding potential (RHP)
(Triefenbach & Zakon, 2008; Zupanc, Sirbulescu, Nichols, & Iles, 2006; Perrone, Macadar, &
Silva, 2009; Kawasaki & Heiligenberg, 1989). The chirp is more widely seen in males than
females, and is variously induced or exaggerated by androgen manipulation (Dulka & Maler,
1994; Dulka, Maler, & Ellis, 1995; Dunlap, Thomas, & Zakon, 1998; Dunlap, 2002). In chapter
2 we characterized a chirp-like EOD behavior in the pulse-type gymnotiform Steatogenys
elegans, and in this study we investigated whether the chirp in S. elegans is hormonally
modulated as well.
There are numerous examples of the effects that hormones have on our communicatory
interactions, from the testosterone-influence of antler growth during the rutting season in red deer
stags, to the oxytocin surge that strengthens the bond of a mother with her newborn child, to the
increased aggression in anabolic steroid using bodybuilders (Malo, Roldan, Garde, Soler,
Vicente, Gortazar, & Gomendio, 2009; Galbally, Lewis, IJzendoorn, & Permezel, 2011; Kouri,
Lukas, Pope, & Oliva, 1990). Hormonal modulation is a mechanism of ensuring honesty; if a
signal’s production depends on hormonal levels that are also necessary for possession of the trait
conveyed by the signal, then an individual cannot falsely produce the signal. In the case of
communicatory signals that convey status and RHP, if status and RHP are linked to hormonal
levels, their hormonal modulation can be the mechanism by which these signals stay honest
(Gavassa, Silva, & Stoddard, 2011; Muller & Mazur, 1997).
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As discussed in chapter 2, there are aspects of the EOD that serve as potential status
indicators. These include pulse duration, frequency, amplitude, and various temporal aspects of
communicatory interactions, including chirping behavior. Many of these characteristics are in
fact under hormonal influence by androgens. In fish, these androgens include testosterone (T),
11-ketotestosterone (11-KT), and dihydrotestosterone (DHT). 11-KT is the primary androgen in
fishes, and both T and 11-KT are important for male differentiation in teleost fishes (Borg, 1994;
Oliveira, Ros, & Gonçalves, 2005; Miura, Yamauchi, Takahashi, & Nagahama, 1991). T is
aromatizable, whereas 11-KT is non-aromatizable and synthesized from T (Borg, 1994). DHT is
similarly a non-aromatizable androgen present in fishes and synthesized from T. These
androgens have both overlapping and differential effects on various aspects of the EOD.
Implantation of dihydrotestosterone (DHT), testosterone (T), or 11-ketotestosterone (11KT), for example, increases pulse duration in Brachyhypopomus gauderio (Allee, Markham, &
Stoddard, 2009; Gavassa, Silva, & Stoddard, 2011; Goldina, Gavassa, & Stoddard, 2011), and
administering dihydrotestosterone (DHT) to Sternopygus macrurus increases pulse duration as
well (Few & Zakon, 2001).
Similarly, EOD frequency is hormonally influenced in WEF. For example, the
administration of DHT decreases frequency in the wave-type gymnotiform genus Sternopygus, in
which lower frequencies are associated with higher status individuals (Meyer & Zakon, 1982;
Meyer, 1983). Additionally, Zakon, Thomas, & Yan (1991) found that in wild Sternopygus
macrurus, frequency is inversely correlated with androgen levels in males and females.
Androgen levels are also correlated with testicular maturity, suggesting that hormonal
modulation may ensure honesty of EOD frequency as a communicatory signal. Apteronotus
leptorhynchus also exhibits a hormonal modulation of EOD frequency, with estradiol-17β
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lowering EOD frequency in this species, one of the WEF species in which lower frequencies are
associated with females and lower status males (Meyer, Leong, & Keller, 1987).
Pulse amplitude is also correlated to hormone levels in some WEF and as discussed in
chapter 2 of this dissertation, is correlated to status as well. Salazar & Stoddard (2009) exposed
male Brachyhypopomus gauderio to social competition and found that cortisol levels were
strongly positively correlated to the intensity of competition and to pulse amplitude; subjects
who were exposed to intense competition (in this case defined as a larger number of conspecific
males in their housing) had an increase in both plasma cortisol levels as well as pulse amplitude.
Additionally, Goldina et al. (2011) found that 11-KT increases pulse duration in
Brachyhypopomus gauderio but T does not, demonstrating that in this species pulse duration is
preferentially altered by 11-KT and not its pre-cursor T.
The chirp in weakly electric fish species, an electric signal associated with aggression and
courtship, is hormonally modulated as well. In the wave-type gymnotiform Apteronotus
leptorhynchus for example, increasing androgen levels by implanting fish with either T or DHT
increases chirping in males and induces chirping in females (Dulka & Maler, 1994; Dulka et al.,
1995; Dunlap et al., 1998). Dunlap, Pelczar, & Knapp (2002) additionally demonstrated that
cortisol treatment increases chirping in male Apteronotus leptorhynchus.
The induction and exaggeration of chirping induced by androgens could be indicative of
the chirp acting as an honest signal, given that androgens commonly masculinize the EOD in
ways that are characteristic of mature, higher-status individuals, and that these same individuals
commonly express higher levels of androgens. For example, Dunlap (2002) conducted a study
with male and female Apteronotus leptorhynchus in which subjects were exposed briefly to a
conspecific; twenty-four hours after the exposure, he measured 11-ketotestosterone (11-KT)
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levels and found that chirp-rate during the interaction correlated positively to 11-KT levels, EOD
frequency, and body size. This strengthens the hypothesis that chirp-rate serves in the
communication of status. Additionally, it suggests androgens as the mediating factor since their
experimental increase leads to exaggerations in those EOD characteristics associated with status,
and in a natural setting these characteristics are correlated with androgen levels.
As shown in chapter 2, we have identified an electrical behavior produced in S. elegans
which resembles the chirp in other gymnotiforms. We did not observe this behavior in
Hypopygus cf. lepturus, the closest relative of S. elegans, under the same conditions; this
behavior seems to be specific to S. elegans (Field, C., pers. obsv.), although we suspect that other
pulse fish produce chirps in other circumstances. The chirp stands apart from the other shortterm EOD behaviors that we have identified in S. elegans (discussed in chapter 1) in that the
behavior lasts for just a few intervals, the interval-to-interval change is large (with the maximum
change from baseline sometimes occurring in just one interval), is followed by an equally fast
return to baseline, and is associated with a decrease in pulse amplitude. In chapter 2 we
established that playback pulses occurring just before the subject’s own EOD trigger the chirp
most reliably. Additionally, subjects produced chirps preferentially to these interfering pulses if
they were harder for the fish to predict/avoid, which may be due these types of playbacks being
perceived as more aggressive than playback pulses that are easier for a fish to avoid coincidence
with.
In an effort to determine if the chirp in S. elegans is indeed similar to the chirp in other
gymnotiform species, in this study we sought to determine whether the chirp in S. elegans is
hormonally modulated by androgens like the chirp is in other species. We experimentally
increased androgen levels (DHT) in S. elegans to determine if it would increase an individual’s
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chirp propensity and/or increase the magnitude of the chirps produced, thereby lending support
to the hypothesis that the chirp is acting as a dominance signal.

Methods
Subjects
S. elegans (N=13) were obtained from a commercial fish distributor and were housed
individually in 37.85 L glass aquaria held at constant temperature on a 12h light/12h dark cycle.
Subjects were fed black worms ad lib. at least twice per week. Subjects were isolated for at least
7 days before recordings began.

Hormone Implants
Subjects were implanted with either dihydrotestosterone (DHT) or control silastic
implants. We chose DHT since it is non-aromatizable and we wanted to remove possible
estrogen effects that could be caused by the aromatization of T, and DHT implants have
previously been shown to induce or exaggerate chirping in male and female Apteronotus
leptorhynchus (Dulka & Maler, 1994; Dulka, Maler, & Ellis, 1995; Dunlap, Thomas, & Zakon,
1998). Implants were made from a mixture of DHT crystals (Sigma-Aldrich) and silicone (Dow
Corning 3140) as described by Allee et al. (2009) and Elsaesser, Hayashi, Parvizi, & Ellendorff
(1989). After mixing, implants were cured for 1 month before being re-weighed to account for
weight loss due to evaporation. The ratio of DHT to silicone was calculated and it was
determined that a 2.42 mg implant contained 1mg of DHT. Control implants consisting of
silicone only were also prepared. Subjects received a high dose implant (1 mg DHT per 10 g
body weight), a low dose implant (0.25 mg DHT per 10 g body weight), or a control implant cut
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to the same size as a high dose implant. A list of subjects and their implant dosages can be seen
in Table 3.1. Implants were chosen over injections as they release hormone at a relatively
constant rate (Mills & Zakon, 1987; Ahmad, Haltmeyer, & Eik-Nes, 1973). Research using
silastic implants containing hormones in rats suggests that the DHT contained in the implants in
the high dose group was likely expended from the implant over a period of ~8 weeks, and the
DHT contained in the implants in the low dose group was likely expended within ~4 weeks
(Ahmad et al., 1973). Previous research by Elsaesser, Hayashi, Parvizi, & Ellendorff (1989)
indicates that the implant methodology used here results in a steady decrease of hormone release
from the implant over the first 3 to 4 weeks, at which point a steady release rate is achieved. To
insert the implants, a hole was made into the muscle as caudal as possible on the fish, and just
ventral to the lateral line. A 21-gauge needle was inserted under the skin, followed by an 18gauge needle to increase the incision size. The implant was then inserted into the tissue using
forceps, and the hole was sealed with VetBond (3M). Fish were then immediately returned to
their home tank. Subjects recovered well from the implant insertion.
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Subject

Sex

Length Weight
6.5g
8.2g
5.2g
4.7g

Dosage
Group
Control
Control
Control
Control

Implant
(mg)
1.5
2.0
1.2
1.44

DHT
(mg)
NA
NA
NA
NA

Final
Recording
4 weeks
4 weeks
4 weeks
11 weeks

JR_Steat_012
JR_Steat_014
JR_Steat_015
JR_Steat_003

M
M
F
NA

18cm
17.5cm
17cm
17cm

JR_Steat_029
JR_Steat_036
JR_Steat_042
JR_Steat_017
JR_Steat_024

F
M
F
NA
NA

19cm
18.5cm
15.5cm
16cm
16cm

4.8g
5.8g
6.9g
6.0g
5.8g

High
High
High
High
High

1.16
1.40
0.76
1.45
1.4

0.48
0.58
0.31
0.60
0.58

11 weeks
8 weeks
19 weeks
19 weeks
4 weeks

JR_Steat_018
JR_Steat_044
JR_Steat_001
JR_Steat_011

F
F
F
F

15cm
17.5cm
17cm
16cm

5.8g
8.4g
5.8g
5.3g

Low
Low
Low
Low

0.35
0.53
0.35
0.32

0.15
0.21
0.15
0.13

8 weeks
11 weeks
19 weeks
8 weeks

Table 3.1. List of subjects and implant dosages. DHT implants consisted of 1mg DHT per 2.42
mg implant. All sex determinations were made post mortem.

Playback Experiment Schedule
Subjects underwent the playback protocol described below prior to hormone or control
implantation to gather baseline measurements, and then all subjects underwent the same
experimental playback protocol twice in the first week post-implant, and then once a week until
4 weeks post implant. At this time point, hormone implanted subjects were still exhibiting
changes in their behavior during playback experiments. For this reason, we continued to test
some subjects once per week until 8 weeks post implant, followed by another session 11 weeks
post implant, and one final session 19 weeks post implant, until the changes in signaling
behavior had largely subsided. The final experimental time point for each subject is listed in
Table 3.1.
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General Experimental Procedures
Recordings were conducted in a glass aquarium with one shelter in the center and carbon
electrodes mounted vertically at each end, modified from Franchina & Stoddard’s (1998) design.
The aquarium was matched to both the temperature (23 - 25°C) and conductivity (150 – 250
μS.cm-1) of the subjects’ home aquaria on the day of recording. The signal was amplified (A-M
Systems Inc., Model 3000) and digitized at 50 kHz (Tucker Davis Technologies (TDT) RP2.1
Enhanced Real Time Processor). This allowed for real-time interval and waveform data to be
collected. The TDT units also controlled playback signals, which were composed of a digitized
sample of the subject’s own EOD, played out through carbon stub electrodes arranged in a tshape. The playback electrodes were placed within 2 cm of the fish’s head. The playback signals
were amplitude matched to the fish’s own amplitude and then the playback electrode was rotated
relative to the recording electrodes to reduce the apparent amplitude in recordings. All playback
experiments were conducted between 0900 and 1800 hours, during the fish’s inactive phase.

Fixed Time Playbacks
Ten individual stimulus pulses were presented with a fixed time relation to the fish’s own
signal (as in chapter 2). The experiment consisted of 5 trials presented for each of 10 stimuli.
Stimuli were defined in relation to the fish’s own EOD (see Figure 2.1). The stimuli consisted of
the following: Δt -6, -4, -3, -2, -1, -0.5, 0, +0.5, +1, and +2 ms resulting in a total of 50 trials in
each fixed time playback experiment. A 1-min inter-trial interval was used; stimulus presentation
order was randomized. The subject’s EOD rate and waveform were recorded before, during, and
after playback.
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Analyses
We evaluated the propensity to chirp and the magnitude of chirps following hormone
implantation in the following ways:
1. Chirp propensity: To assess chirp propensity, we calculated the number of chirps
produced per experimental session for each individual and conducted a two-way repeated
measures ANOVA to evaluate overall differences between groups and effects of time
post implant, as well as any interaction between the time post implant and hormone
dosage in the number of chirps produced. We additionally examined whether the range of
stimuli that elicited a chirp differed between groups. To calculate a response window, a
subject was counted as responding to a particular stimulus if it produced a chirp in
response to at least 3 out of 5 trials of that stimulus, or a probability of >0.6. The
response window was then counted as the difference between the upper limit and lower
limit, with the addition of 0.25 ms on either side. 0.25 ms was chosen because it was the
real limit unit for the smallest stimulus step (0.5 ms). Therefore, if the original response
range was between -2 ms and 0 ms, the response window was calculated as 2.5 ms.
2. Chirp magnitude: To evaluate changes in the magnitude of the chirp induced by androgen
implantation we assessed various characteristics of the chirp and conducted two-way
repeated measures ANOVAs to reveal any effects of hormone implantation. First, the
change in IPI was calculated as the percentage change of the shortest IPI during the chirp,
as compared to the baseline IPI (the mean of the five IPIs preceding the stimulus
presentation). Then, as another measure of chirp magnitude the number of pulses per
chirp was examined. As a final measure of chirp magnitude, the amplitude change from
baseline of the chirps was examined. The change in amplitude was calculated as the
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percentage change of the smallest positive pulse amplitude during the chirp, as compared
to the baseline positive pulse amplitude (the mean of the positive amplitudes of the five
pulses preceding the stimulus presentation).

We additionally examined whether there were any changes in EOD frequency as a result of
hormone implantation by comparing the baseline frequencies (the mean frequency over the first
10 intervals) at the beginning of each trial.

Results
All analyses were conducted using data collected within the first 4 weeks post implant
unless otherwise noted. A total of 2,519 chirps were recorded with an average of 32.3 chirps per
experimental session (M=32.3, SD=20.15). Chirps were visually identified from waveform and
IPI data, and were easy to distinguish from other behaviors. The smallest instantaneous change in
IPI for all the chirps we analyzed was 3.98%. This is in contrast to the short-term frequency
increases that we observed in chapter 1, where the maximum IPI-to-IPI change during the
behavior was generally less than 1%. The magnitude of the chirps was altered in subjects that
received hormone implants wherein more dramatic frequency and amplitude changes were
observed, as discussed below. Examples of the general structure of a chirp from the same fish
from the high dose group at baseline, one-week post implant, 3 weeks post implant, and 11
weeks post implant can be seen in Figure 3.1.
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Figure 3.1. Example chirps produced by a subject in the high dose group (JRSteat_042) at
baseline (A), two weeks post implant (B), four weeks post implant (C), and eleven weeks post
implant (D).

72
For the following analyses, the variable ‘time’ refers to the time post implant. We
examined the number of chirps produced per session and found that at some post implant time
points, subjects in the high dose group produced more chirps than subjects in the low dose or
control groups (Figure 3.2). A two-way repeated measures ANOVA revealed a significant effect
of time, F(2.081, 20.806)=6.043, p=.008 (degrees of freedom Greenhouse-Geisser corrected for
violation of sphericity), a significant interaction of time x treatment, F(4.161, 20.806)=3.339,
p=.028, but no significant effect of treatment (p=.064) on the number of chirps per session.
Pairwise comparisons revealed that at 3 weeks post implant, the high dose group (M=41.2,
SD=7.22) produced significantly more chirps than both the control (M=15.25, SD=10.44) and
low dose (M=15.5, SD=13.8) groups (p<.05).

*

Figure 3.2. Average number of chirps produced per experimental session. Asterisk denotes a
significant difference between the high dose group compared to the other two groups (p<.05).
Error bars represent ± 1 SE.
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Given that the high dose group produced significantly more chirps at 3 weeks post
implant, we examined whether the response window that elicited a chirp differed between groups
to determine whether the increase in chirps was a result of chirping more to the same stimuli or if
fish were in fact chirping to more stimuli. We found that high dose subjects chirped in response
to a larger range of stimuli at some of our post implant time points (Figure 3.3). A two-way
repeated measures ANOVA revealed a significant interaction of time x treatment, F(8,
40)=2.226, p=.46, but no significant main effect of time, F(4,40)=2.131, p=.095 or treatment,
F(2,10)=2.063, p=.178. Pairwise comparisons revealed that at one week and three weeks post
implant, the high dose group (M=7.5, SD=1.73; M=5.5, SD=2.45) had a significantly wider
response window than both the low dose (M=2.875, SD=3.77; M=1.975, SD=2.5) and control
groups (M=2.875, SD=3.25; M=1.625, SD=1.65) (p<.05). The high dose group responded to
stimuli from Δt -6 to +2 ms at one week post implant, and Δt -4 to 0 ms at three weeks post
implant. The low dose group responded to stimuli from Δt -1 to 0 ms at one week post implant,
and Δt -0.5 to 0 ms at three weeks post implant. The control group responded to stimuli from Δt 2 to 0 ms at one week post implant, and Δt -1 to 0 ms at three weeks post implant.
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Figure 3.3. Average response window that elicited a chirp. Asterisks denote a significant
difference between the high dose group compared to the other two groups (p<.05). Error bars
represent ± 1 SE.

The first two analyses show that androgens influence the propensity to produce chirps –
measured both by the number of chirps produced per session and the range of stimuli that
reliably elicit chirps. The next sets of analyses were conducted to determine how the
characteristics of chirps are altered by androgens.
We assessed the percentage change in IPI of the recorded chirps (Figure 3.4). Hormone
implanted subjects exhibited increasing changes in IPI post implantation, with those changes
being larger in high dose subjects compared to low dose subjects. A two-way repeated measures
ANOVA revealed a significant effect of time, F(1.313, 13.129)=5.61, p=.027 (degrees of
freedom Greenhouse-Geisser corrected for violation of sphericity), a significant effect of
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treatment, F(2,10)=6.974, p=.013, and a significant interaction of time x treatment, F(2.626,
13.129)=3.837, p=.04 (degrees of freedom Greenhouse-Geisser corrected for violation of
sphericity). Pairwise comparisons revealed that the high dose group exhibited greater chirp IPI
changes as compared to the control group at all time points except for baseline (p<.05). An LSD
test between the three treatments revealed that overall the chirp IPI changes for the high dose
group (M=62.5, SD=16.9) were significantly greater (shorter IPIs) than the control group
(M=28.4, SD=10.3), p=.004, and approached significance in difference from the low dose group
(M=42.2, SD=24.5), p=.053.
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Figure 3.4. Average percentage IPI change from baseline IPI during a chirp. Asterisks denote a
significant difference between the high dose group and control group (p<.05). Error bars
represent ± 1 SE.
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As another measure of chirp magnitude, the number of pulses per chirp was examined.
Subjects in the hormone treated groups exhibited an increasing number of pulses per chirp in the
weeks post implant (Figure 3.5). A two-way repeated measures ANOVA revealed a significant
effect of time, F(1.496, 14.961)=7.21, p=.01 (degrees of freedom Greenhouse-Geisser corrected
for violation of sphericity), a significant effect of treatment, F(2, 10)=8.587, p=.007, but no
significant interaction of time x treatment on the number of pulses per chirp, F(2.992,
14.961)=2.618, p=.089 (degrees of freedom Greenhouse-Geisser corrected for violation of
sphericity). An LSD test revealed that the chirps in the high dose group (M=7.51, SD=4.17) had
significantly more pulses than the chirps in both the low dose (M=4.04, SD=4.14), p=.031, and
control groups (M=1.88, SD=0.79), p=.002. Pairwise comparisons revealed a significant
difference in the number of pulses per chirp between baseline (M=2.09, SD=0.79) and three
weeks (M=6.25, SD=4.97), p=.04.
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Figure 3.5. Average number of pulses per chirp. The chirps in the high dose group had
significantly more pulses overall than the chirps in the other two groups (p<.05). Error bars
represent ± 1 SE.

We then assessed amplitude changes in the chirp and found that in hormone implanted
subjects, amplitude changes increased in the weeks post implant, with high dose subjects
showing the greatest effect (Figure 3.6). A two-way repeated measures ANOVA revealed a
significant effect of time, F(1.419, 14.189)=11.438, p=.002 (degrees of freedom GreenhouseGeisser corrected for violation of sphericity), a significant effect of treatment, F(2, 10)=5.171,
p=.029, and a significant interaction of time x treatment, F(2.828, 14.189)=3.597, p=.042
(degrees of freedom Greenhouse-Geisser corrected for violation of sphericity). An LSD test
revealed that there were significantly greater changes in chirp amplitude in the high dose group
(M=32.44, SD=32.1), as compared to the control group (M=1.44, SD=1.03), p=.009. Pairwise
comparisons determined that beginning at one week post implant, the amplitude change in the
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high dose group was significantly greater than the control group, and was significantly greater
than the low dose group between one week post implant and 3 weeks post implant (p<.05). The
low dose group had a significantly greater amplitude change than the control group at 3 weeks
and 4 weeks post implant.

Figure 3.6. Average percentage amplitude change from baseline during a chirp. Single asterisks
denote a significant difference between the high dose group and the control group. Double
asterisks denote a significant difference between the high dose group and the low dose group.
Crosses denote a significant difference between the low dose group and control group. Error bars
represent ± 1 SE.

When looking at all the chirps we, we found a strong relationship between the amount of
IPI change in a chirp and the amount of amplitude change, such that the greater the percentage
change in IPI, the greater the percentage change in amplitude, r(2519)=0.681, p<.0001, two-
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tailed (Figure 3.7). We fit the data with a broken-stick regression where the break point chosen
(% IPI change = 64.02%) was that point with the smallest residuals when two separate linear
regressions were calculated – one for all data above that point and one for all data below that
point. The percentage change in IPI significantly predicted the percentage change in amplitude
below the breakpoint (% IPI change < 64.02%), b=.09, t(1641)=12.51, p<.0001, and the
percentage change in IPI also explained a significant proportion of variance in the percentage
change in amplitude, r(1643)=0.0871 . The same was true above the breakpoint (% IPI change >
64.02%), b=4.81, t(900)=42.25, p<.0001, r(902)=0.8153. Above the breakpoint, the slope of the
regression equation dramatically increased, such that large drops in amplitude were seen in
chirps with very short IPIs.

Figure 3.7. Relationship between IPI change and amplitude change in a chirp. The percentage
change in IPI was correlated with the percentage change in amplitude using a broken stick
regression. The point at which the two linear regressions meet is at a 64.02% IPI change.
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No changes in EOD frequency were seen as a result of hormone implantation. A two-way
repeated measures ANOVA revealed no significant effect of time, F(1.566, 15.661)=2.141,
p=0.157 (degrees of freedom Greenhouse-Geisser corrected for violation of sphericity), no
significant effect of treatment, F(2,10)=1.221, p=.335, and no significant interaction of time x
treatment, F(3.132, 15.661)=0.347, p=.8 (degrees of freedom Greenhouse-Geisser corrected for
violation of sphericity).

Discussion
After identifying the chirp in S. elegans, our question became whether it is similar to the
chirp in other gymnotiform species. The chirp in other species is frequently associated with
aggressive interactions and courtship behaviors, and is hormonally modulated by androgens.
Through artificial increases in DHT we have shown that the chirp in S. elegans is hormonally
modulated as well. The changes in chirp propensity and characteristics caused by increases in
DHT suggest that the chirp could very well be used as a reliable indicator of other androgenlinked traits such as size and status.
Similar to our findings in chapter 2 in which we investigated the stimuli that evoke chirps
in S. elegans, our results here indicate that the chirp is produced readily to interfering playback
stimuli. We found that the range of stimuli that evoke chirps is increased by DHT treatment, with
high dose subjects exhibiting a larger response window at 1 week and 3 weeks post implant as
compared to our other two groups. This increase in chirp propensity brought on by androgen
treatment lends support to the hypothesis that the chirp may be used in aggressive encounters in
S. elegans (Kouri, Lukas, Pope, & Oliva, 1990).
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We did not investigate the mechanism by which androgens alter chirp propensity and
characteristics in S. elegans. Previous work has shown that DHT increases electrocyte size in the
electric organ, which is in turn associated with an increase in pulse amplitude and a
masculinization of the EOD (Hagedorn & Carr, 1985). However, this direct effect on the electric
organ does little to explain the changes in behavior seen here. Dulka, Maler, & Ellis (1995)
conducted a study in Apteronotus leptorhynchus similar to the study we conducted here. They
found that females implanted with DHT had a higher propensity to chirp, and their chirps were
more exaggerated in the same way that we observed in S. elegans: longer durations (similar to
our measure of the number of pulses), larger decreases in amplitude, and higher frequencies. The
researchers also found a change in substance P-like immunoreactivity (SPl-ir), wherein DHT
implanted females exhibited increased expression of the peptide in the prepacemaker nucleus, at
levels similar to those seen in males. Kawasaki, Maler, Rose, & Heiligenberg (1988) identified
the thalamic prepacemaker nucleus (PPnC) as the command center for chirping behavior in
Apteronotus leptorhynchus, so as Dulka et al. (1995) attest, changes in this region caused by
androgen treatment may be the mechanism by which chirping behavior is altered in Apteronotus
leptorhynchus. If the chirp in S. elegans is indeed similar to the chirp in this wave-type species,
the mechanism by which DHT altered the chirp in this study may also consist of hormonal
changes to this prepacemaker nucleus. Immunohistochemical and electrophysiological work are
needed to investigate this hypothesis.
The androgen induced changes in chirp behavior that Dulka et al. (1995) found were in
female Apteronotus leptorhynchus, but we did not distinguish between sexes for our analyses in
this study. This was partially due to the fact that we were unable to distinguish between male and
females subjects until post mortem and therefore were not able to adequately design our study to
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investigate sex differences, and was also due to the fact that we were only able to identify three
of our subjects as male and two of these subjects were in our control group. However, despite
our control group having a higher identifiable ratio of males in comparison to both our low- and
high-dose groups, we still saw significantly exaggerated chirps in the hormone treated groups in
comparison to our control. All subjects did produce chirps at baseline before any hormone
treatments and we did not observe any sex differences at baseline. These results indicate that
female S. elegans do readily produce chirps and there may not be large differences in chirp
behavior between the sexes, particularly outside of breeding conditions (as is the case herein).
Alternatively, if sexual dimorphism does exist in relation to the chirp, it may not present itself in
relation to the playback protocol that we employed. Chirp behavior in mixed sex dyadic
interactions should be evaluated to look for sex differences since the chirp is sexually dimorphic
in courtship behaviors in other gymnotiform species (Quintana, Sierra, Silva, & Macadar, 2011;
Dunlap, 2002).
We did not measure potential pulse duration or amplitude changes caused by DHT
treatment. Changes in these EOD characteristics need to be investigated to determine if they are
hormonally modulated and potentially status-linked in S. elegans as they are in other
gymnotiforms (see chapter 2). We did investigate potential EOD frequency changes caused by
DHT but did not find any identifiable changes.
Our results in this study, demonstrating that the chirp is hormonally modulated by
androgens, add to our previous descriptions of the chirp and suggest that it is in fact a similar
behavior to the chirp in other gymnotiforms. If we are correct, then the existence of the chirp in
S. elegans provides another system in which to study how hormones modulate communicatory
behavior. DHT is likely an analog to normally occurring androgens in most teleosts (T and 11-
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KT) (Mills & Zakon, 1987; Fostier, Jalabert, Billard, Breton, & Zohar, 1983), and should be
more comparable to 11-KT as both are non-aromatizable. Work by Salazard & Stoddard (2009)
in B. gauderio has indicated that plasma 11-KT levels in that species generally rise to
approximately 6 ng/ml in social conditions. As discussed by Allee et al. (2009), the implant
methodology used here may have delivered androgen doses that are higher than naturally
occurring levels in other gymnotiforms (particularly in our high dose group), and as such our
results may not be indicative of naturally occurring hormone-induced changes in S. elegans.
Nevertheless, in other teleosts, 11-KT levels peak at the beginning of the spawning season (Borg,
1994), and given that chirping is associated with courtship behaviors in many gymnotiform
species, our DHT implants may have mimicked the hormonal mechanisms that lead to chirping
during courtship.
Our results also have implications for the phylogeny of gymnotiforms. Chirp-like
behavior has most thoroughly been studied within the family Apteronotidae, but has also been
identified within Sternopygidae in the species Eigenmannia virescens (Hagedorn &
Heiligenberg, 1985), Gymnotidae in the species Gymnotus carapo (Westby, 1975a), and within
Hypopomidae in the species Brachyhypopomus pinnicaudatus (Perrone, Macadar, & Silva,
2009) and Hypopomus brevirostris (Kawasaki & Heiligenberg, 1989). Interestingly, chirps have
not been identified in the genus Hypopygus, which is considered the closest relative to
Steatogenys (Alves-Gomes, Ortí, Haygood, Heiligenberg, & Meyer, 1995). However, we do
have reports of a similar behavior in Microsternarchus (T. Petersen & J.A. Alves-Gomes,
personal communication), although we have never seen chirps from this species in experiments
identical to those described in chapter 2 (and which trigger chirps in S. elegans). It may in fact
be the case that all gymnotiforms chirp, and differences are due to the context and stimuli that
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elicit chirps. With the variation across genera seen in chirping, the chirp may serve as a useful
behavioral variable when assessing phylogenetic relationships in a group of fishes for which
phylogenetic assumptions are ever changing.
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